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Abstract

Cornstarch suspensions are well known for their surprising property of being able to

support a person running across the surface of a pool of the suspension — a phe-

nomenon called shear jamming. This phenomenon has far reaching importance across

industries involving granular and colloidal solids transport. In this thesis, the design

of a novel custom rheometer for the investigation of these suspensions is described.

The results of applying the custom rheometer are shown and analysed in the context

of the popular Wyart-Cates model of jamming suspensions. The work confirms the

presence of unsteady behaviour in these suspensions, but only for a narrow range of

particle concentrations; and of lower density than previously reported. This highlights

some of the weaknesses of the WC model, especially as applied to suspensions of

polydisperse anisometric particles such as cornstarch (deviating from monodisperse

hard spheres).
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Nomenclature

Symbol Description Unit

γ̇ Shear rate s−1

μ Viscosity P s

ω Frequency or rotation rate Hz or rot s−1

ωr Angular velocity rd s−1

φ Volume fraction –

φB Volume fraction of high rate shear band ≡ φhr –

φhr Volume fraction of high rate shear band ≡ φB –

φr Volume fraction of low rate shear band –

ψ Porosity of cornstarch particles m/ml

ρ Density gcm−3

cp Specific heat capacity J kg−1 K−1

T Taylor number –

σ Shear stress P

% Uncertainty in measurement , expressed as a percentage %

bs Uncertainty in measurement , expressed as an absolute value as 

τ Process time constant s

σ Stress P

xi



NOMENCLATURE xii

ϵ Dielectric constant F/m

D Electric displacement C/m2

d Direct piezoelectric effect coefficients C/N

E Applied electric field V/m

θ Angular position rot

ξ Moisture content of cornstarch particle g/g

C Electrical capacitance F

c PI control action. V

H Couette cell fill height mm

hƒ Fluid – Couette cylinder wall heat transfer coefficient Wm−2 K−1

h Couette cylinder wall – air heat transfer coefficient Wm−2 K−1

K Process gain varies

k Spatial frequency rd−1

K Integral control coefficient. V P−1 s−1 or V

KP Proportional control coefficient. V P−1 or V s

k Thermal conductivity of Couette cylinder glass Wm−1 K−1

kωr→M Coefficient converting angular velocity to torque due to friction Nms rd−1

kLC→M Coefficient converting loadcell reading to torque Nm

LCz Loadcell measurement offset –

Mƒ rcton Measured torque due to friction Nm

Mod Measured torque due to fluid Nm

Mtot Total torque recorded by sensor Nm

Msc Torque evolved by fluid W

Q Electrical charge C

r Gap position mm



NOMENCLATURE 1

r′ Reduced inner cylinder radius –

rB Radial position of shear band m

rn Couette cell inner cylinder radius mm

rot Couette cell outer cylinder inner radius mm

T Temperature ◦C

t time s

tD Process dead-time s

t Thickness of Couette cylinder glass m

tperod Period of rotation s

 Process input, controller output varies

V Electrical potential difference V

Vt Total volume of Couette cell m3

Vhr Volume of low rate shear band m3

Vr Volume of high rate shear band m3

Whet Rate of heat transfer W

Wmech Mechanical power W

Wsc Mechanical power input to fluid W

y Process output, controller input varies



1. Introduction

“In the beginning there was nothing, which exploded.”

Terry Pratchett, “Lords and Ladies”

Cornstarch suspensions are well known for their peculiar ability to support the

weight of a person — as long as that person is moving quickly across the surface.

This is due to the phenomenon of shear jamming: an extreme transition of a fluid

to a solid-like state found prominently in dense colloidal and granular suspensions.

Investigation of jamming fluids is industrially important; many processes use fluids

as a means of solids transport (or otherwise involve suspensions at some part of the

process) such as in the production of paints [1] and cements [2], [3]. Jamming fluids

are also of interest to the development of smart materials which utilise the stress-

dependent properties to their advantage such as in the development of smart body

armour which is flexible, but hard when necessary [4].

Alongside jamming, particle suspensions have shown a propensity for unstable flow

— a constant input rate (or stress) can result in oscillatory stress (or rate). This effect

has been dubbed “rheochaos” [5].

The link between these fluctuations — which are local in origin — and the global,

system-spanning, shear jamming is not completely understood. The prevailing theory

behind shear jamming tells of the formation of frictional contacts and networks be-

tween particles through the mean-field Wyart-Cates theory [6]. Rheochaos has been

typically explained through the use of shear banding [7] — whereby the fluid organises

and partitions itself into areas of high and low shear.

Typical laboratory rheometers provide means to measure global rheology. They are

typically modular, allowing the study of fluid under different flow patterns (shear or

extensional flow) or geometry (Couette cell or parallel plate). Accessing local rheology

requires bespoke sensors for this purpose, as well as a rheometer flexible enough to
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admit the sensor without impacting the global measurements.

In this thesis, the rheological phenomena of cornstarch suspensions are investi-

gated. The goals of this project follow two main streams: the design, construction,

and verification of a new, flexible, open-source, 3D-printed laboratory rheometer, and

the investigation of dynamic rheology of dense cornstarch suspensions. he rheometer

designed is flexible enough to admit a bespoke local stress sensor — the so called

Piezoelectric Needle Device (PND) — and thus facilitate the rheological investigation.

The custom open-source rheometer is to be designed for use in this investigation

and such that it can be recreated (using the design described here) as part of under-

graduate or high school laboratory projects. Rheology is a field prime for investigation

in these situations due to the complexity of the research output (so there are many

fruitful investigations to pursue) which can be obtained from simple systems such as

cornstarch and water.

The prime goal of the project is to investigate the flow instability of shear jamming

fluids through the application of dynamic rheometry in tandem to the use of a novel

local stress sensor (PND), first introduced in a previous work [8].

This thesis opens with an overview of the main theoretical concepts in Chapter 2.

This chapter reviews some of the literature investigating the phenomenon of shear

jamming. The main theoretical framework for explaining shear jamming is introduced,

as well as the theories for explaining flow instability.

The custom rheometer is described in Chapter 3. The design is presented as a

breakdown of the rheometer into its constituent components. Enough detail is given

for the rheometer to be re-created independently. The limitations of the components

are given, and uncertainty analysis on measurements is performed.

In Chapter 4, the materials used in this thesis are described: any relevant chem-

istry, the relevant preparation methods, and the expected rheologies. Experimental

methodology for rheological testing is described in this chapter, as well as some data

analytical methods.

Newtonian baseline rheology is investigated in Chapter 5. This chapter presents

both mean rheometry and dynamic rheometry for a variety of Newtonian mixtures.

This is used to provide a base picture of the measurements available from the custom

rheometer.

Shear thickening behaviour is investigated in Chapter 6. As for the previous chap-

ter, mean and dynamic rheometry is reported. This provides further base measure-

ments for the custom rheometry and shows the rheological features of cornstarch
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suspensions.

In the final results chapter, Chapter 7, the dynamic rheometry of dense suspensions

in the unstable discontinuous shear thickening regime are investigated in detail.

Finally, the key findings are summarised in Chapter 8 along with a summary of

directions in which the work should be continued.

Work Outputs

• Open-source design for a desktop concentric cylinder rheometer.

Hosted online, on github:

Hardware: https://github.com/cbosoft/rheometer_designs

Software: https://github.com/cbosoft/rheometer

• Open-source design for a desktop syringe-pump (pipe flow) rheometer.

Hosted online, on github:

Software: https://github.com/cbosoft/syringepump

Further information in Appendix F. Used in two MEng projects [9], [10] and an-

other PhD project [11].

• Paper detailing the design and use of the custom rheometer, with a focus to use

of the project as a demonstration or project piece for higher education.

C. Boyle, M. D. Haw, and L. Lue, “3D printed rheometer for investigation of dense

suspension flow instability,” American Journal of Physics, 2021, In preparation.

Paper text is included in Appendix I.
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2. Background

“παντα ρει” — Everything flows.

Heraclitus

2.1 Overview

Detailed in this chapter is the background information behind this thesis. Rele-

vant literature will investigated and reviewed, and important concepts described and

explained.

The chapter is structured such that each section builds on the previous, starting

from ‘Rheology’. Rheology, the study of flow, is a field of widespread importance.

Rheology is applied in industrial fluid and particle transport [1], food science [2], ce-

ment [3], [4], cosmetics [5], and paint [6] production, medical research — especially

with regards to blood-related disorders [7], [8], and even civil engineering [9].

Section 2.2 begins the chapter describing an overview of the field of rheology which

is built upon in Section 2.3 which describes the rheology specific to suspensions of

solids in liquids and the phenomena typically observed in such systems. Once such

phenomenon is of particular significance in this work: shear thickening which is de-

scribed in Section 2.3.3. A dramatic form of thickening is of particular interest, shear

jamming, and is discussed in Section 2.3.4. The prevailing phenomenological model

for shear jamming is described in Section 2.4: the Wyart and Cates (WC) frictional

transition model [10]. An interesting feature of shear jamming fluids is the existence

of an unstable region in which flow fluctuations appear — a phenomenon described in

Section 2.3.6.
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2.2 Rheology

Rheology is the study of flow of both fluids and soft solids (solids which exhibit

plastic deformation) — a field important to many industries and research areas. Some

industrial applications of rheology are obvious, such as the processing of fluids like

oils [1] and cosmetics [5], and suspensions like cements [3], [4] and paints [6]. Rheol-

ogy also has applications in city planning and civil engineering [9] (what is the ground

if not a suspension of soil and rocks in air and water?) and also in food production [2].

The core parameter in rheology is viscosity — a parameter describing the ease of

flow. This was first described by Sir Isaac Newton in his viscosity law:

“ The resistance which arises from the lack of slipperiness originating in a fluid —

other things being equal — is proportional to the velocity by which the parts of the

fluid are being separated from each other. ” [11]

In other words, the stress response of a fluid is directly proportionally to the rate of

strain, stated mathematically in Equation 2.1. The constant of proportionality is called

the viscosity.Stated mathematically:

σ = μγ̇ (2.1)

where γ̇ is the rate at which the fluid is strained (strain rate, units s−1), σ is the stress

used in shearing the fluid (units P), and μ is the viscosity: the factor converting

between stress and strain rate (units P s).

Newton’s law (Equation 2.1) introduces viscosity as a coefficient relating a strain

rate to a stress. When a fluid can be described using this scalar viscosity, it is said to

be Newtonian. These fluids have a linear relationship between stress and strain rate.

Examples of fluids which follow this law closely are water and glycerol.

However, only a few fluids follow this rule, many break it. For these fluids the

relationship between the stress and the strain rate may actually be function of the

stress itself or of the strain rate or some other flow parameter. In this case the fluid is

said to be non-Newtonian or complex.

These fluid behaviours are compared on the flow curve — plot of stress against

strain rate. An example plot show casing the different behaviours of fluids is shown

on Figure 2.1.
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Figure 2.1: Flow curve: plot of shear stress against shear rate, showing different

material behaviours. Newtonian is a straight line, thinning has a power law constant

less than one, and thickening has a constant over one. Visco-inertial, a specific type

of thickening, has a constant of 2. Shear jamming has a dramatic increase in stress

above a critical stress, going to infinity. Adapted from [12].

2.3 Suspension Rheology

Particles suspended in fluid will impede flow, increasing the effective viscosity. Even

dilute hard spheres have an effect on viscosity. “How much of an effect?”, is a question

as yet not comprehensively answered. Models and estimates have been proposed for

over a century [13], but some details are left out of the models. In this section the

effect of particles in suspension on rheology will be discussed.

2.3.1 Concentration

Suspension rheology is dependent on the amount of particles in suspension, normally

through the volume fraction φ, the ratio of volume of particles in suspension to the

total volume of suspension:

φ =
prtces

sspenson
=

prtces

soent + prtces

At the low end of volume fraction, φ = 0, the suspension is not actually a suspension;

being entirely solvent. In this case, the rheology is just that of the solvent (likely a

Newtonian fluid — nice and simple). As φ increases, the more of an impact the par-

ticles will have on the viscosity. φ cannot increase to 1; the suspension cannot be

all particle and no solvent. It cannot increase to a point close to 1 for monodisperse

particles (all of one diameter) due to the void left between closely packed spheres.
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For carefully ordered monodisperse spheres the maximum packing (face-centred cu-

bic arrangement) is φfccmx = 0.74 [14]. However, in physical suspensions this limit

will not be achieved. Instead, a lower maximum packing will be achieved depending

on the stability of the random positioning of the particles. This lower limit is called

Random Close Packing (RCP) and is φRCP = 0.64 for monodisperse spheres [15]. For

polydisperse systems, the smaller particles can fit in-between the larger ones and thus

a larger volume fraction can be obtained.

Another important packing value is Random Loose Packing (RLP, φRLP). This value is

the minimum packing fraction for forming mechanically stable structures [16]. Many

values of φRLP have been reported, and it seems that it is very dependent on the

method of packing as well as the roughness of the spheres [17]. φRLP = 0.555 for

monodisperse quasi-frictionless spheres [18] and describes the limiting fraction where

the spheres can support themselves against external forces, i. e. the particles have

formed a contact network. As particles friction increases, they are better able to form

supporting structures and so φRLP decreases (e.g. φRLP = 0.550 for roughened glass

spheres [18]).

As volume fraction approaches the maximum value for the system, we expect the

viscosity to rapidly increase and diverge as the system becomes a solid.

The above discusses RLP in the context of monodisperse suspensions — but the

distribution of particle sizes has an important effect on RLP value. An increase in

polydispersity — a bigger mixture of sizes — can result in a higher RLP value as smaller

particles can fit in-between the larger particles [15].

2.3.2 Viscosity

In 1906 [13] (corrected in 1911 [19]) Einstein calculated the viscosity rise for a very

dilute (low volume fraction φ) suspension of hard spheres as:

μ

μƒ
= 1 + Bφ (2.2)

where B is the Einstein coefficient and was given the value 2.5. This equation relied

on the particles being sufficiently far apart that they do not interact hydrodynamically

or otherwise. The equation becomes less representative of real suspensions with in-

creasing volume fraction φ, a rough threshold below which having acceptable error

has been given as φ = 0.1 [20] and more complete solutions are required, due to the

hydrodynamic interaction which cannot be ignored.
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Particles interact in suspension in many different ways. A particle may push fluid

which then pushes into subsequent particles (hydrodynamic interaction [21], [22]),

charged particles may interact electrostatically [23], [24]. Particles close together can

impede flow or even halt it entirely. Particle ordering can change as flow increases,

resulting perhaps in lower viscosity (as particles become ordered perhaps forming

streamlines and reducing interaction) or higher viscosity (as order drops and particle

interaction becomes more prevalent) [12].

Small suspended particles may be affected by Brownian motion (thermal noise).

Larger particles are negligibly affected by Brownian motion. Particles suspended in

fluid not density matched will either fall to the bottom and sediment (for negatively

buoyant particles) or rise to the top and “cream” (for buoyant particles).

On top of all this, there is the interaction between the particle and the solvent. The

particles may be broken down in (or absorb into) the solvent, or be otherwise unstable

resulting in a suspension which changes over time.

Empirical models have been established, extending Einstein’s equation out of the

very dilute limit [25], [26]. Expanding the polynomial past the first degree gives:

μ

μƒ
= 1 +
∑
n=1

Bnφn (2.3)

where Bn are coefficients depending on the particle size and interaction. This model

goes further than Einstein’s, seeming to be valid for suspensions below φ = 0.25

however it fails to capture the jammed state as φ→ φmx.

Another, related, empirical fitting model is [26]:

μ

μƒ
=
�
1 − φ

φmx

�−2
(2.4)

where φmx is the maximum possible packing fraction (e.g. RCP = 0.64 for randomly

packed monodisperse spheres). This model captures the diverging viscosity as φ →
φmx. The resulting viscosity, being a function of φ only, is still Newtonian.

2.3.3 Shear Thickening

A Non-Newtonian fluid may require a diminishing stress driving force per shear rate at

increasing rates, in which case it is called shear-thinning. The opposite is also possible:

a fluid which requires increasing amounts of stress to drive shear at ever higher rates

is said to be shear thickening. Shear thickening is a common property of suspensions

of granular or colloidal particles [12], [27]–[29]. Thickening occurs via a number of
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mechanisms, which present in different ways. Weak thickening is a relatively small

increase in viscosity, without sudden increase or jumps. This type of thickening is

called Continuous Shear Thickening (CST). Thickening is often described as beginning

when a system is sheared above a critical rate, implying a rate driven process [12],

[30]. More recently, and more commonly, thickening is attributed to a stress driven

process [10], [12], [31] whereby thickening begins above an critical onset stress.

A stronger form of thickening is also possible wherein the viscosity of a fluid under

shear may increase to such an extent that it appears solid. This type of thickening is

called Discontinous Shear Thickening (DST) or Shear Jamming (SJ). DST is a global phe-

nomenon alone, arising from an interaction between the fluid and its container [12].

Rheology tends to be described on a local basis. Shear jamming fluids can, on a

local basis, exhibit non-thickening behaviour (even shear thinning) [30]. The bold form

dst is used to describe these globally thickening (locally thinning) materials, distinct

from the generic “DST”∗.

At low Reynolds’ number, inertia has negligible impact on the fluid, and solvent

viscosity dominates. For flow in a specified geometry, as shear rate (Reynolds’ num-

ber) increases, inertia begins to gain importance creating a regime of intermediate

visco-inertial flow [32] and with further increases to rate there exists a transition to a

regime where inertia fully shadows viscous effects [12]. The regimes can be identified

on a log-log plot of stress against rate of strain (the flow curve: Figure 2.1). The stress

in the viscous regime scales with the strain rate linearly, and so on the log-log flow

curve has a gradient of 1. In the inertial regime, the stress varies with the square of

the rate, and so has a gradient of 2 on the flow curve. Intermediary regimes will have

a mixture of the two and gradients between 1 and 2.

Particles moving in suspension near one another experience a hydrodynamic lubri-

cation force inversely proportional to their surface-surface separation [33]. For many

particles, this will keep the particles separate. However, if particles are pushed close

enough together by flow stresses, they can enter into an “orbit” around one another:

the hydrodynamic force keeps the particles in close proximity to one another [34]. This

is the basis for a phenomenon called Hydroclustering. Particles forced together stay

together and act as a larger particle: increasing viscous drag and thus viscosity. Hy-

droclustering describes continuous shear thickening well [12], but does not describe

∗This is in contrast to the terminology discussed in Brown and Jaeger [12], which uses capitalised form

DST to distinguish from plain “discontinuous shear thickening”. Bold form is used here to enhance distinc-

tion.
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strong thickening on its own.

Particles at rest in a dense (φ > φRLP [17]) suspension are in a tight initial config-

uration. As the suspension is sheared, particles will have to move away from each

other to facilitate flow (Figure 2.2), resulting in a decrease of the suspension volume

fraction and therefore a volume increase. If confined, this results in particles unable

to flow past one another. This phenomenon is called dilatancy [35].

A

X

X

B

Figure 2.2: Sketch of particles in suspension dilating. Particles between two planes,

initially at (close to) RCP (A). As fluid is sheared, particles must move apart to allow

flow: the planes are pushed apart (B).

Dilatancy requires an expansion in order to facilitate flow. If the volume is fixed

(confined) then the flow will not be possible. This is an example of dst. The confine-

ment and expansion results in an apparent overall thickening behaviour, but dilatancy

requires a decrease in concentration locally in the fluid — resulting in local thinning.

Shear jamming is closely linked to dilatancy, so much so that fluids which shear

jam were known as “Dilatant” fluids [36]. However, it has been shown that dilatancy

can occur without dst and so dilatancy is required for dst, but not without confine-

ment [37]. As the fluid dilates, it is pushed into the boundaries and the friction forces

cause the increase in stress known as dst.

As suspended particles move apart from one another near the surface, a change in

texture can be seen. Particles “poke” out of the fluid resulting in a transition from a

glassy to a rough surface [12].
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2.3.4 Shear Jamming

A jammed suspension is no longer able to flow. This can occur when the density of

solids is too high — above the close packing threshold for the material. Jamming can

also be sparked by shearing a dense suspension. A transition from a fluid state to

a solid-like state by application of shear — shear jamming. This phenomena is an

extension of dst whereby flow incites a dramatic increase in viscosity creating the

solid-like state.

As with normal dst, shear jamming (SJ) requires confinement. This sparked theories

explaining SJ comes about due to the formation of solid networks of particles, so-called

force chains [38]. Dilation and confinement play a role too, with the dilation causing a

“roughness” to appear on the surface

SJ is seen in suspensions of hard particles at high concentration: poly-methyl-

methacrylate (PMMA) particles in decalin [39], and glass rods in water [40] are ex-

amples of systems which exhibit SJ. SJ is the effect which gives cornstarch-in-water

suspensions the remarkable ability to act solid enough for a person to run on, but not

walk [12].

A model of a shear jamming system has been sought after in rheology for some

time. Hydrodynamic models of particle suspensions gained popularity with Acceler-

ated Stokesian Dynamics (ASD) in the late 80s [22], but lacked the ability to describe

shear jamming — used to investigate regular shear thickening [41], [42].

In the new millennium, investigation into dilatancy and shear jamming made some

head way with the addition of contact friction modelling [43]. It was found that inter-

particle friction is essential to the existence of shear jamming [44]. Tribology (friction

science) is a complex field in itself, with many facets not understood — such as the

origin and exact nature of static friction [45]. Adding a friction to the hydrodynamic

model is part of the answer; but more information on the nature of the friction (static

vs dynamic? sliding?) is perhaps needed to encompass the phenomena observed in

SJ suspensions.

2.3.5 Shear Banding

A phenomenon seen in a variety of suspensions is that of shear banding: separating of

the fluid into distinct areas of low- and high-rate (gradient banding) or of low- and high-

stress (vorticity banding) [46]. Banding has been thoroughly investigated with regard

to suspensions of worm-like micelles, a shear thinning system composed of polymer



CHAPTER 2. BACKGROUND 14

strings and other fluids which have strong interaction such as gels [47]. Interestingly,

banding has been observed in systems without such strong interlinking/interaction

such as PMMA spheres [48] or other colloidal hard-sphere systems [46], the latter

system tending to vorticity banding as opposed to gradient banding.

Banding in polymer systems is owed to the ability of the polymers in melt or sus-

pension to form networks or structures together, but also to break apart and reform

elsewhere. This forms moving areas of high viscosity and density polymer, which con-

sumes more stress to shear at the same rate as an area of the fluid without structure

in the case of vorticity banding or shears at a lower rate than a non-networked area in

gradient banding. The formation and destruction of bands causes a fluctuation in flow

properties: rheochaos [49].

2.3.6 Unsteady Flow

Rheochaos, or flow instability, seen in fluids alongside shear banding, is a result of a

competition within the sheared fluid between flow and structure [46], [50], [51].
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Figure 2.3: Simulation results (adapted from [52], Figure 2) showing rheo-chaotic and

oscillatory fluctuation. Values are non-dimensionalised. At low stress (orange line)

the fluctuation is a stable oscillation. At a higher stress the fluctuation has become

chaotic.

Flow instability is seen in thickening suspensions at high density [37], [49], [52],

[53]. For a constant applied shear stress, a constant shear rate might be expected

from a shear thickening fluid. However, fluctuations in the form of steady or chaotic
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oscillations appear near the minimum jamming fraction. An example of such fluctua-

tions are shown on Figure 2.3.

“Rheochaos” — unstable flow — has been posed to originate from a competition

between the imposed flow (stress) on a system, and force-chains or network forma-

tion [46], [50]. Aradian and Cates model these chaotic flows in as a prey-predator

system [50], [54]: stress σ competes with memory m (a parameter describing struc-

tural relaxation of the fluid stress). The system attempts to form steady bands, but

the stress diffuses out from the bands; creating unstable bands moving in space and

in time as the system tries to maintain a selected stress.
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Figure 2.4: Phase diagram for fluctuation in terms of structural relaxation time

(τS, non-dimensionalised by the Maxwell time τM) and applied (average, non-

dimensionalised) stress 〈σ〉. Blue dashed line is linear stability limit. Green dashed line

indicates transition between steady temporal-oscillatory bands and spatio-temporal-

oscillatory (travelling) bands. Orange dotted lines circle the chaotic regimes. Purple

circles are periodic, red triangles are chaotic flows. Adapted from [50] (Figure 4).

Presented by Aradian and Cates for the model is a phase diagram (Figure 2.4):

describing areas of stability depending on the ratio of structural relaxation time τs to

stress relaxation time (Maxwell time) τM and the applied stress. Instability presents for

fast structural relaxation τs/τM > 4 (this value for the model parameters as presented

in [50]). Very fast structural relaxation results in oscillatory bands (τs/τM ≳ 1000).

There is an upper-middle section with travelling bands (τs/τM ≳ 100 ≲ 1000), and a

lower middle with chaotic banding (τs/τM ≳ 5 ≲ 100). Below this, the bands are stable.
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Structural relaxation time is a material property; it will change with concentra-

tion. As density increases, the structural relaxation time increases [55]: the system

becomes more sluggish as it is concentrated. This implies that there is a minimum

concentration required for unsteady flow.

2.4 Wyart-Cates theory

A phenomenological, mean-field, model was proposed by Wyart and Cates (WC) in

2014 [10]. This framework was built upon the phenomenon of DST in dense suspen-

sions: that shear jamming seems to be driven by a transition from frictionless flow to

frictional flow [28], [56], [57].

In the WC model, particles at rest in suspension are separated by the solvent — lu-

bricated. As the shear rate increases, the stress increases. There is then a competition

between the lubrication and the stress. When the stress overcomes lubrication, the

particles move from lubricated and frictionless (Figure 2.5 A), to frictional (Figure 2.5

C). This can be sudden, and results in the dst phenomenon seen in these suspensions.

A

Fƒ o Fƒ oFb

B

Fƒ o Fƒ oFscos Fscos

C

Fƒ o

Fƒ o

Fƒ rcton

Fƒ rcton

Figure 2.5: Sketch of interparticle forces before (A) and after (B, C) lubrication is

overcome.

The fraction of particles in frictional contact is described by ƒ : the fraction of par-

ticles that have overcome lubrication force Fb. Lubrication force depends on particle

relative velocities, solvent viscosity, and particle sizes. If we consider two particles

interacting, they may be pushed together by a force related to the fluid stress, de-

pending on the direction and magnitude of the stress at their location [58].

Jamming is described in terms of a “jamming volume fraction” — the volume frac-

tion above which the suspension is solid-like, φj . Thickening is modelled by changing

φj linearly with ƒ between a minimum φm, and maximum (the volume fraction for
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jamming at rest) φ0:

φj(σ) = φm + (φ0 − φm)ƒ (σ) (2.5)

= φmƒ (σ) + φ0 (1 − ƒ (σ))
where φj is the modified jamming point, φm is the minimum volume fraction required

for particles to jam, and φo is the zero-stress jamming fraction (random close packing

for monodisperse spheres). For monodisperse spheres, φo = φRCP. For polydisperse

systems, φo is lower, often reported to have values in the range of φRLP [31], [59]. ƒ is

a function of stress, σ, increasing from 0–1 as stress increases.

The theory (Equation 2.1 and Equation 2.5, in combination with Equation 2.4 and

some form of ƒ (σ), e.g. Equation 2.7) generates a sigmoidal flow curve for even mono-

tonic ƒ (σ), i.e. even if the function ƒ is simply linear, the resulting flow curve will

be sigmoidal. This s-shaped flow curve is characteristic of the model, and has been

demonstrated in experiment [31], [59], [60]. Due to the backwards bend on the flow

curve, the gradient of the line (viscosity) is negative — an unstable state. It is due

to this bend that discontinuous thickening emerges. Flowcurves for WC systems of

different packings is shown on Figure 2.6.
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Figure 2.6: Plot of stress against strain rate for different packing fractions emphasising

the sigmoidal shape and possibility for DST above a critical fraction φm.

Wyart and Cates give an example functional form for how ƒ is related to σ, (CDF for

an exponential distribution):

ƒ (σ) = 1 − e−(σ/σ⋆) (2.6)

An alternative form is used by Guy et al:

ƒ (σ) = e−
�
σ⋆
σ

�β
(2.7)
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where β is a tunable parameter related to the polydispersity [31]. This functional form

for ƒ has found good agreement with fit to experimental results [31], [59].

These forms of ƒ do not take concentration into account, as there is only a weak

relation between onset stress (σ⋆) — the stress at which thickening begins — and

volume fraction (φ) [10].

The viscosity of the suspension below the threshold volume fraction φj is governed

by proximity of the current volume fraction to the jamming fraction. Shear in suspen-

sions well below φj results in continuous or no thickening, φ < φdst on Figure 2.6. At

the point where the flowcurve becomes vertical, the suspension viscosity (gradient

of the line) becomes infinite and we get discontinuity in rheology: φ = φdst. Above

this volume fraction, discontinuity is present in all flowcurves. For volume fractions

φdst ≤ φ < φm there is no jamming. Above φm, there is the possibility of shear jam-

ming. Finally, for φ > φ0, the system is classically jammed.

A phase diagram (Figure 2.7) can be drawn for WC suspensions, based on whether

they will thicken, shear jam, or already be jammed.
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Figure 2.7: Phase diagram: regions where a suspension is non-jamming (continuous

thickening), already jammed, and shear jamming are shown. The latter is where fluc-

tuations are expected.

The red region on Figure 2.7 is simply where the volume fraction exceeds the vol-

ume fraction for jamming at rest φ0. Above the orange line is the region where the fluid

is shear jammed. This line is obtained by rearrangement of Equations (2.5) and (2.7)
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where φ = φj and therefore σ = σj:

σj = σ⋆
�
− ln φ − φ0

φm − φ0
�−1

β

(2.8)

Between the orange and green lines (green shaded area) flow is unstable (dσdγ̇ ≤ 0.0)
and thus the fluid will respond discontinuously. For the part of the shaded region to the

right of the φm line, this results in shear jamming. The left represents non-jamming

dst.

The green line is found by finding the rate of change of the WC stress with respect

to strain rate. The WC stress is given by combination of Equation 2.4 with Equation 2.5.

The rate of change with respect to strain rate is given by

dγ̇

dσ
=

2βφ
�
σ⋆
σ

�β
(φm − φo)
− φ

φo+(φm−φo)e−
�
σ⋆
σ

�β + 1

e−� σ⋆σ �β

μƒ

�
φo + (φm − φo)e−

�
σ⋆
σ

�β�2 +

− φ

φo+(φm−φo)e−
�
σ⋆
σ

�β + 1

2
μƒ

(2.9)

Solving for stationary points dγ̇
dσ = 0.0 by numerical method yields the green dst line

on the phase diagram.

Qualitatively comparing the WC jamming phase diagram (Figure 2.7) with the Aradian-

Cates fluctuation phase diagram (Figure 2.4) shows agreement of expected behaviours

between the two. Structural relaxation time increases with concentration, therefore

moving right on the WC phase diagram (increasing concentration) is the same as mov-

ing up on the Aradian-Cates banding phase diagram (increasing structural relaxation

time). Picking out the horizontal line at 1P on Figure 2.7 and moving from left to

right, the regime is initially of continuous or no thickening. Entering into the green

dst regime implies a discontinuity of the flow curve and here instability in flow may

be expected, tallying with the diagram of Aradian and Cates. Travelling further right

on WC, dst gives way to a shear-jammed state (orange) — at which point the Aradian

model no longer captures the phenomena.

The Wyart-Cates model is a mean-field description of phenomena that have been

seen in dense suspensions of colloidal and granular particles, like cornstarch. However

the model takes the particles as monodisperse (while some investigation has gone

in to expanding to bi-disperse systems [31]). The model cannot capture fully the

phenomenon of unsteady flow — only hinting at its location. This is an active research
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question. Some recent work points out that the particles are not uniformly in frictional

contact and this may lead to instability [61].

2.5 Summary

In this chapter the foundation has been laid for the work presented in this thesis: from

rheology basics [12], [46] through to complex fluid modelling [10], [31]. Complex flu-

ids, such as hard sphere suspensions, have been seen to have an array of interesting

phenomena from plain shear thickening [12], to dramatic shear jamming [12], and

flow instability [53].

Suspension rheology has been of mainstream interest in both the industrial com-

munity (for processing of materials such as cements [3], [4], paints [6], and even

food [2]) and in the research community for over a century [13], [19]. This has lead

to theories and discoveries about the nature of the thickening phenomenon seen in

these fluids. A recent model — the WC model [10] — captures fairly well [31] the shear

jamming phenomena for which fluids like cornstarch-water suspensions are known.

Prevailing theory tells of the formation of bands of high- and low-stress (vorticity

banding) or high- and low-strain rate (gradient banding) [46]. These bands move

around and grow and shrink. Models, such as Aradian and Cates’ [54], attempt to

capture the instability of flow as a result of these moving bands. The model predicts

oscillatory fluctuation for suspensions of high density, and chaotic flows possible for

low density suspensions at particular stresses.
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3. Rheometer Design

“Cheops’ Law: Nothing ever gets built on schedule or

within budget.”

Robert A. Heinlein, “Time Enough for Love”

3.1 Overview

A rheometer is a device that measures rheological properties of a fluid [1]: typically

flow properties, such as stress and strain rate. This is achieved by developing a con-

trolled and well-known flow in a fluid such that the flow properties can be measured,

or at least calculated from measurements. Rheometers differ on the flow pattern

employed (e.g. shear or extensional flow) and thus record different properties. Com-

mercial rheometers typically record or report extra information like the normal stress

difference (measurement of the visco-elasticity of the material) [2], [3] or relaxation

time (measurement of fluidity) [4] for extensional rheometry.

Part of the main objectives of this work is to design and build a cost-effective

rheometer, leveraging the newly available technology of domestic 3D printing, which

can be employed for small scale rheological testing, or as a learning tool for electron-

ics, programming, and physics.

To the best of the author’s knowledge, a 3D printed rheometer has not been pre-

sented before. 3D printed flow cells have been used [5], but not a rheometer device

in full. This novel device provides a flexible framework for the testing of fluids with

bespoke sensors (the piezoelectric needle device used here) and enables rapid devel-

opment of new hardware for different applications — an extreme flexibility not seen in

commercial devices where additional accessories provide a limited means to expand

functionality.
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The main use of the custom Couette rheometer (CCR) is to investigate unsteady

flows in dense cornstarch suspensions under shear. This is done by measuring stress

and strain rate while a sample of suspension is sheared. In addition, the rheometer

is to feature no time averaging, thereby being suitable to investigation of dynamic

effects. In addition the design is completely open source (both open hardware and

open software) [6], [7].

The rheometer is specified as follows; the rheometer should:

• report stress and strain rate for a test fluid,

• report instantaneous (non-averaged) measurements with acceptable accuracy to

allow the investigation of dynamic properties in jamming fluids under shear,

• be able to interface with other sensors for further insight into the material, and

• be extensible and customisable to suit alternative purposes (measure alternative

flow patterns, different sizes of cylinder).

Shear cell

Rate meter

Stress sensor

Motor

Gearbox

(a)

Cylinder Mount

Optical encoder (outer)

Threaded runner (outer)

Loadcell mount
Optical encoder (inner)

Light gate mount

Threaded runner (inner)

Threaded (driven) shaft
Backbone
Loadcell supportDriver shaft

(b)

Figure 3.1: (a) Annotated photograph of the completed rheometer and (b) annotated

render of the 3D printed components.

The rheometer consists of a Couette shear cell (Section 3.3) in which flow is driven

through the inner cylinder by a DC motor (Section 3.6). In this rotating shaft is the

stress sensing mechanism (Section 3.5), and the structure is held by a bearing pro-

viding stability, and housing the shear rate measurement (Section 3.4): an optical

encoder built into the bearing.
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Bearing, encoder disk, and sensor mount were designed in OpenSCAD and FreeCAD

software and 3D printed on a Prusa i3 MK3 FDM 3D printer.

The sensors are controlled by a Raspberry Pi Single Board Computer (SBC, Sec-

tion 3.2), and supporting electronics were soldered onto a single perfboard and in-

cludes an analogue to digital converter (ADC) for reading data from the Piezoelec-

tric Needle Device (PND — a novel sensor design for investigating local flow — Sec-

tion 3.8). A pair of temperature sensors are included to monitor shear cell and ambient

temperatures (Section 3.7). The hardware were primarily 3D printed, with some stan-

dard laboratory clamp stands to aid stability.

After a brief description of the Raspberry Pi backbone, the other component sys-

tems (shear cell, rate sensor, stress sensor, motor, PND) of the custom rheometer

are detailed in turn in the following sections. Each of these sections is structured as

follows:

• Purpose introduces the reasoning for the component, how it relates to the greater

work, and the specifications of the component.

• Implementation describes the physical nature of the component: how it is built,

where it physically fits in the work, and any electrical or mechanical requirements

it has. Electronic circuit diagrams are given for the component, when required.

Details of the electronics used are given in Appendix D.

• Data Processing describes the process of obtaining data from the component,

where applicable.

• Limitations discusses the conditions under which the component works, where

it fails, and the implications with respect to the overall objective of the design.

3.2 Raspberry Pi

A Raspberry Pi (RPi) Single Board Computer (SBC) [8] is used as the main board pow-

ering the custom rheometer. Measurements are logged by software written for the

RPi. The RPi is a credit-card sized computer used widely in education and for hobbyist

projects. The power of the Raspberry Pi lies it its ability to interface with hardware, like

a microcontroller, while also providing a full desktop computer experience. A labelled

diagram of the RPi is shown on Figure 3.2
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Figure 3.2: Raspberry Pi labelled diagram. From [9].

The RPi has general purpose input/output (GPIO) hardware interface pins. These

are a set of pins made available to interface with any hardware the user may desire.

These pins can be in either input or output mode. As an input, they measure the

voltage difference between themselves and ground. If the measurement is above a

threshold (seen to be roughly a volt) then the pin regards itself as on or “high”. If the

voltage is below this threshold, then the pin is off or “low”. In output mode, the pins

can be set “high” or “low” by software, and their voltage levels will be set accordingly.

In addition to the GPIO, there are hardware interface protocols I2C and SPI avail-

able; used to facilitate communication between the RPi and peripheral devices. Both

SPI and I2C are serial interfaces (information sent down one wire one bit at a time).

These are used in this design to interface with analogue to digital converters (ADCs)

for the loadcell, PND, and thermocouple.

The RPi’s low cost (£30 for the model 3 used here, £4 for the model Zero also

available) make it especially suitable for hobbyists and in education environments.

However, the board is low-power: having four processing cores at a limited processor

frequency of around 1GHz (compare with a typical consumer PCs desktop processor

frequency which may be 3–5× this). For this application, the processing power is a

slight limitation but the other advantages (many interface options available, low cost,

high availability) make up for it.
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3.3 Shear cell

3.3.1 Purpose

Different rheometry methods have different geometries and flow patterns. For this

work, a simple shear flow is desired. Shear flow is an aspect of a few different flow

schemes: pipe flow includes shear near the walls, fluid is sheared between plates in a

parallel plate geometry, nozzle flow includes some shear flow (along with extensional),

and the flow in a concentric cylinder arrangement also involves shear flow.

A further constraint is in the use of external sensors to measure rheological aspects

of the fluid. The chosen rheometry design needs to allow for a large enough gap, in

which the fluid is sheared, to admit these sensors. Concentric cylinder rheometers can

have gaps large enough to admit additional sensors into the fluid. In contrast, parallel

plate and cone-and-plate rheometers’ gaps are limited by the capillary forces required

to keep the test fluid in place [10]. In addition, capillary rheometers are closed, so it

would make it very difficult to fit in an additional sensor into the fluid.

3.3.2 Implementation

The Couette cell [11] (Figure 3.3) is a combination of a glass outer cylinder and a

perspex inner cylinder. The outer cylinder is mounted in a 3D printed stand attached

onto an XY table (from a microscope), which is in turn attached to a clamp stand. The

XY table allows for the careful positioning and alignment of the cylinders to ensure

they are indeed coaxial. The clamp attachment of the table allows the XY table to be

raised and lowered to allow cylinders be filled and emptied.

A Couette cell can have the property of a linear velocity profile, provided the gap is

small enough with respect to the cylinder radii — narrow gap approximation (discussed

further in Section 3.4). Where the gap is too large for this, a non-linear velocity profile

is developed as shown on Figure 3.3. An equation for strain rate γ̇ is also shown on

the figure.

The inner cylinder, a solid cylinder of perspex, has a thread drilled in from top that

allows it to attach/detach from the drive shaft. The outer cylinder, a cup-shaped hollow

cylinder of glass, is held by by friction only within its mount allowing easy removal from

the XY table and facilitating cleaning. Both cylinders are transparent, which allows

viewing of the fluid within; useful for filling (checking fill level), and allowing camera

to film the fluid.
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Figure 3.3: Diagram of a Taylor-Couette shear cell

Table 3.1: Table of shear cell key measurements.

Parameter Symbol Value

Fill depth Hƒ  Variable; 50–75mm ± 2%

Inner cylinder radius rn 15.05mm ± 0.017%

Outer cylinder radius rot 19.75mm ± 0.013%

Gap width gp 4.7mm ± 0.11%

Key measurements of the shear cell are summarised on Table 3.1. These measure-

ments are used to calculate properties (shear stress, strain rate). “Fill depth” is the

depth to which the inner cylinder is immersed in the fluid: it is the height the cylinder

is in contact with fluid.

3.3.3 Limitations

Fill volume

The inner cylinder is held above the bottom of the outer cylinder, so there is fluid in

this gap. There is then a mixture of flow patterns here, a Couette shear flow in the

most of the apparatus, and a parallel-plate-like flow pattern between the bottom of

the inner cylinder and the inside bottom of the outer cylinder. This bottom component

of the flow can be considered negligible if a majority of the flow is Couette, and if the

vertical spacing between the inner and outer cylinders is large (meaning the shear
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rate in the parallel section is small).

The large gap at the bottom therefore requires a large volume of fluid to fill. For a

2cm gap at the bottom, this results in approximately 14ml of fluid required which will

not take part in the measured shear. On top of this is up to 70mm of fill which takes

up approximately another 35ml. Counter-intuitively, a lower fill depth may require

more fluid (assuming constant total fluid height), as more fluid is in the space below

the inner cylinder.

This is the first limitation of the design; the cell requires a large volume of fluid mak-

ing it uneconomic for many additives which may improve rheology: such as density

matching solvent, or alternative rheological test materials.

In the same vein, the fill depth must be measured after the fluid is loaded in the

cylinder, and done so by hand. Due to the method of positioning the cylinders, it is

almost impossible to get the same outer cylinder position between runs. This means

that a depth measurement must be made for every run. Each depth measurement is

made by measuring the distance from the fluid surface up the inner cylinder to the

bottom of the thread (seen as the cylinder is transparent). The fill depth can be found

by subtracting the measurement from the distance from the cylinder bottom to the

same point. This measurement introduces reading error into the equation, which is

reflected as an error in the fill depth as reported in Table 3.1.

Taylor Number

Couette flow at high Reynolds number can bring about turbulent flow in the form

of Taylor vortices [12] if the inner cylinder is rotated. These are unstable fluxes of

fluid moving from the rotating cylinder towards the stationary cylinder. These vor-

tices form as the inner cylinder provides a centrifugal effect driving fluid towards the

outer cylinder. A centripetal pressure gradient forms, pushing fluid back towards the

inner cylinder. If the fluid has too much angular momentum however, the centripetal

pressure gradient is insufficient to push it back. This results in vortices of flow not in

the direction of cylinder rotation. This effect results in higher-than-expected viscosity

measurements due to the cross flow dissipating energy and enhancing momentum

transfer and so can disrupt any rheological measurements [13]. Care must be taken

to ensure the Taylor-Couette flow regime is not entered.

The Taylor number (T) is used to test for the possibility of Taylor vortices in flow,
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given by [12]

T =
ω2
r rn(rot − rn)3ρ2

μ2
(3.1)

where rot and rn are the radii of the outer and inner cylinders respectively, and ωr

is the angular velocity of the Couette cell inner cylinder in rd s−1.
Above a critical limit (1700 [12], [14]) Taylor vortices form. The largest possible

Taylor number is calculated from the highest rotation rates and lowest viscosities that

can be used in the rheometer.

A conservative worst case scenario for fluids run in the custom rheometer used

in this work would be a 85wt% aqueous glycerol solution (μ25 = 0.0802Ps) run at

500RPM. This results in a Taylor number of 994. This is far below the limit of 1700

and highly unlikely that Taylor vortices are formed in the Couette cell.

Uncertainty Analysis

Uncertainties introduced in this component are all measurement uncertainties. Mea-

surements summarised in Table 3.1 were made with a set of digital calipers. The

calipers gave measurements in mm to two decimal places. Uncertainty in the mea-

surement is estimated as half of the smallest measurement:

bs = 0.005mm

the percentage error is therefore found from

% =
bs


× 100%

=
0.5


%

The uncertainties for radii and gap width shown in Table 3.1 were calculated in this

manner.

3.4 Strain rate Measurement

3.4.1 Purpose

The shear rate, in a Couette cell, is the rate of change of the velocity with position in

the gap (the spatial derivative of the velocity profile). The strain rate can be calculated

knowing the boundary velocities and the geometry of the gap. The outer cylinder is
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held stationary and so has zero velocity. The inner cylinder is rotated at some angular

velocity ωr rd s−1. These are the two velocity boundaries. The geometry bounds are

the outer and inner cylinder and so the outer and inner radius. The strain rate at a

position in the gap r of a Couette cell is given by [15]:

γ̇(r) = − 2ωr

r2
· rn2rot2

rot2 − rn2 (3.2)

where ωr is the angular velocity of the inner cylinder. This non-linear equation can be

approximated, in the narrow gap limit, by the mean value across the gap:

γ̇ = r′ωr (3.3)

where r′ = rn/(rot−rn).
The narrow gap approximation results, approximately, in a 19% variation in strain

rate across the gap for the cylinder radii and resulting gap size used here. The narrow

gap-mean strain rate will be reported throughout the rest of this thesis, and unless

otherwise stated, this is what is meant by "strain rate". The strain rate measurement

system should be quick to report measurements to provide accurate recovery of dy-

namic behaviour. In addition, it should be accurate without requiring time-averaging,

to further improve recording of dynamics. To this end, an optical encoder was em-

ployed as a simple but effective rate measurement device.

3.4.2 Implementation

Angular velocity is measured using an optical encoder: a device consisting of a pair

of LEDs with corresponding light sensors (phototransistors). Between the LEDs and

sensors is a slotted disk. As the disc rotates, the beam of light between LED and

sensor is broken and repaired. This encodes the rotation into a square wave signal

which can be processed to obtain the rate of rotation. A diagram of the encoder is

shown on Figure 3.4.

The light gates circuit is shown on Figure 3.5. The signal from the light gate is

read digitally from the GPIO pins on the Raspberry Pi (Section 3.2). If the light gate

is blocked, the phototransistor is closed and the GPIO pin (pulled up with an internal

10kΩ resistor) has a “high” value (3.3v). If the gate is unblocked, the GPIO will have

a “low” value as it is pulled to ground. The GPIO is monitored; the time when its value

changes is recorded. When a gate becomes blocked, we can call this a “break” event.

When a gate becomes unblocked, we can call this a “repair” event. In this way, the

rotation of the disk as it varies in time is encoded as a square wave.
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Encoder disk

Light gates

Figure 3.4: Diagram of optical encoder, showing encoder disk and the two light gates.

At any time one light gate is closed while another is open. On this diagram, the left

gate is open (light does not reach sensor) while the right gate is closed (light reaches

sensor).

The encoder disk has 6 evenly spaced, equally sized slots between 6 evenly spaced,

equally sized spokes. One full rotation of 2π rd is encoded as a square wave with 6

full waves (peak and trough). Therefore each peak and trough (1/12 rotation) in the

square wave correspond to π/6 rd of rotation.

Two light gates are used in tandem to provide some redundancy: averaging be-

tween the results of the two signals gives a more accurate result. The two gates are

each one encoded-wavelength out of step, meaning the speed at each point in the

resulting timeseries results from a different kind of encoder event — a “break” event

is averaged with a “repair” event — reducing possible variation between the event

types.

To improve stability, the disk was built into a bearing. This prevents wobbling

between the disc and the gate array, removing a source of noise in the output signal.

This has the added benefit of providing an anchor point for the rheometer, a stable

base where the rheometer can be held by the mounting clamp stand.

3.4.3 Data Processing

Logged data are processed to find the period of the wave, which is used in turn to find

the frequency and thus the angular velocity. Data are logged in the form of a list of

event times; the time at which light is blocked from a sensor (a break event) or the

time at which light is un-blocked (a repair event). Time between these events gives

the period (T in seconds), the reciprocal of which gives the frequency of rotation ω in
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Figure 3.5: Circuit diagram of light gate circuitry.

rot s−1 or Hz:

ω =
1

tperod
(3.4)

This gives an indication of the rotation rate, which is converted to angular velocity by

multiplying by 2π rd/rot. There is noise in the measured data which must be cleaned up

before continuing; there are practical limitations of the measurement method which

must be taken into account, and finally the different logs for each sensor must be

taken into account.

Error rejection

There are sometimes misfires of the light-gates: reflections, wobble, mechanical faults,

or variations in the power supply can cause the GPIO to mis-register a different value,

and as such be logged improperly as a switch. This is dealt with in post-processing.

Three sensors working together allows transient noise to be rejected by performing a

simple sanity check over the resulting data.

Due to the sensitivity of the GPIO, the transition of the light-gate from blocked

to un-blocked, may trigger several value-change events. The GPIO has a threshold

above which it sees as “high”, below this is “low”. However if a voltage is held near

this threshold, then natural fluctuations in supply voltage may move this threshold and

the reading will flicker between “high” and “low”. Therefore, there may be multiple

readings of an event, for every actual event. The timing of these events can be used

to check the veracity of the recording. The flicker events will occur at nearly the same
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time, however real events will have some time delay between them, by check for

events occurring at the same time, and discarding them, the data can be tidied. This

effect of this error rejection algorithm is shown on Figure 3.6.
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Figure 3.6: Comparison of raw optical encoder event data (orange) with a sanitised

version (blue). Event time is plotted against event number to highlight, qualitatively,

the erroneous multiple readings. For a particular time, there should be only one event.

However as can be seen on the orange plot, there are multiple dots for a single time.

This corresponds to the multiple measurement of a single event. For a constant ve-

locity, a straight line is expected. The blue dots are still not in a line, but have no

multiples. This curving shows the acceleration in the apparatus, especially noticeable

near the start.

Period calculation

After unreliable data has been dealt with, speed reported by each sensor can be cal-

culated. The period of the square wave is the difference between every other time

point, Equation 3.5.

tperod, = t+2 − t (3.5)

If the difference between a time point and the immediate next time point was used,

this would return the half-period of the wave. This could still be used to calculate the

rotational rate, indeed it would provide a 2× increase in time-granularity of the mea-

surement. However, the light from the LED is not laser light (it is not uni-directional)

and it shines out from the side of the slot. This causes the square wave to not be
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uniform, the trough time (the time the gate is closed) to differ significantly from the

peak time (time the gate is open). This effect is illustrated on Figure 3.7.

ton toff

ton−off toff −on

ton > toff

ton−off = toff −on

Figure 3.7: Schematic of variation in time between events, highlighting the difference

between measuring intervals between every event, and every other event.

Due to this effect, the full period is used to calculate angular velocity rather than

the half period, as shown on Equation (3.5).

Rationalising timeseries

The optical encoder data at this stage is as error free as possible, and converted to

a timeseries of rotation period. There is a timeseries for each sensor and these need

to be rationalised together into a single timeseries of angular velocity that is coherent

with the other measured timeseries: stress.

This could be achieved by merging the separate timeseries’ together, and interpo-

lating from the result with the stress timeseries. If the two encoder series’ differ then

this will create a noisy result. This can be mitigated by interpolating first, to obtain

two timeseries coherent to the stress series, then creating the final single timeseries

as an average of the two other signals:

ω̂r, =
1

2

�
ω1⋆
r, + ω

2⋆
r,

�
(3.6)

where subscript  refers to a sample number , ω̂r is the averaged resulting angular

velocity series, and ω1⋆
r and ω2⋆

r are the measured angular velocities of each sensor af-
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ter interpolation. This method allows a noise reduction in the measured signal without

resorting to time averaging. This algorithm is shown by example on Figure 3.8.
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Figure 3.8: Schematic plots exemplifying the procedure for rationalising the two op-

tical encoder data sets. Plots (a) and (b) show the measured angular velocity signals

for the two sensors. Note the signals do not align with the axis grid. Plots (c) and

(d) show the same angular velocity signals, after interpolating to align them with the

stress timeseries. Note the signals are now aligned with the grid. Finally, plot (e)

shows the average between the two signals obtained using Equation (3.6).

3.4.4 Limitations

Uncertainties Analysis

Uncertainty in speed measurement is difficult to estimate. Angular velocity is calcu-

lated by differentiation of angular position. The position “signal” is cleaned in software

by removing unreliable data points (as outlined in Section 3.4.3). The uncertainty in

the resulting angular velocity can be estimated roughly by making measurements of

the percentage relative standard deviation (PRSD) of the speed data of empty rheome-

ter runs, see Figure 3.9. Empty runs are used to preclude fluid interaction from im-

pacting the uncertainty estimate.

The speed is then used to estimate the strain rate by multiplying by radius and

dividing by the gap. These two measurements introduce uncertainty (discussed in

Section 3.3.3):

%γ̇ = %ωr
+ %gp + %rn

= 3.9% + 0.11% + 0.017% = 4.03%
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Figure 3.9: Percentage Relative Standard Deviation (PRSD) measured in the speed

signal across 32 logs. Dashed line shows the average PRSD of 3.9%.

The measurement error of 4.03% is significantly less than the variation of strain

rate through the gap (see Section 3.4.1). In addition to the measurement error, there

is random uncertainty. To estimate this, the standard deviation of strain rate measure-

ments were calculated across repeated runs of the same material at the same motor

duty cycle setpoint (see Section 3.6 for description of duty cycle and motor control).

This analysis yielded a percentage random error in strain rate of 3.6% across runs of

cornstarch suspension (avoiding the dst region — the data presented in Chapter 5).

As this estimate of random error encompasses the variation due to the equipment

(calculated above), but results in a similar value, it can be concluded that random

error in strain rate measurement is negligible at least when the dst region is avoided.

3.5 Stress Measurement

3.5.1 Purpose

The stress measurement component of the rheometer records the stress developed in

the fluid during the induced flow, one of the two main rheological measurements.

3.5.2 Implementation

Stress driving flow comes from the motor via the inner shaft, and depends on the

fluid fill depth and the radius of the inner cylinder. Torque from the driving shaft
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is transmitted to the contact area of fluid, providing stress and shearing the fluid.

Equation (3.7) shows this relationship between stress, torque and geometry.

σ =
M

2πr2nHƒ 
(3.7)

where σ is stress at the inner cylinder (P), M is torque (Nm), rn is inner Couette

cylinder radius (m), and Hƒ  is the height of fluid in contact with the rheometer (m).

Torque is measured by first converting the from rotational torque into a vertical

force, which can then be measured by a loadcell in a design taking inspiration from in-

line torque measurement devices used in bicycles [16], [17] and cars [18]. In addition,

the stress sensor design draws from other designs in published work: the designs of

F. Dalton et al. [19].

A schematic of the sensor is shown on Figure 3.10. The main shaft is split into

two: a driving shaft, and a driven shaft. The driving shaft supplies the torque and it

connected directly to the motor. The driven shaft connects to the inner cylinder in

the Couette where the load torque is developed. The driven shaft is threaded and an

annular runner is similarly threaded such that as the driven shaft rotates, the runner

moves along the shaft axis. The runner is connected to the driven shaft by steel

rods that allow axial movement but not rotation between runner and driving shaft.

The result is that any difference in rotation between the driving and driven shaft is

expressed as an axial movement of the runner.

Driving shaft

Motor

Steel rods

Driven shaft

Threads and runner

Loadcell connection

Figure 3.10: Schematic of torque sensor design. Design takes inspiration from in-

line torque measures used in cars [18] and bicycles [16], [17]. Red arrows indicate

movement directions.
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The axially-moving runner is attached to a loadcell so that and difference in torque

of the driver and driven shafts (i. e. the torque load) is translated to a force on the load-

cell which can be measured as a voltage by an analogue-to-digital converter (ADC).

The connection between (rotating) runner and (stationary) loadcell is facilitated by a

bearing into which the runner is built. The driver and driven shafts are connected by

an 8mm bearing (Bones China “Reds” skateboard bearings [20]) to reduce friction.

The loadcell is of the type easily available to hobbyists consisting of an aluminium

block with a strain gauge attached. The particular loadcell in use is rated to 5kg

(or 49N), obtained from ebay∗. This gives an upper stress limit of O
�
104
�
P, calcu-

lated using the shear cell geometry in Table 3.1 and Equation (3.7). This stress far

outreaches the required stress for the intended investigation into shear thickening of

cornstarch (for which the onset stress is O(1)P — see Chapter 4). For this reason, a

second loadcell rated to 100g was obtained†, corresponding to an approximate upper

stress limit of O
�
102
�
P. This smaller loadcell was better placed to measure stresses

around the fluid’s onset stress. The loadcell is read from by a loadcell-specific 24bit

ADC (HX711, Avia Semiconductor‡). Figure 3.11 shows the circuit diagram for the

loadcell connection to the SBC.
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Figure 3.11: Circuit diagram of loadcell. Loadcell connection is via the HX711 all-in-

one (AIO) chip, which includes noise filters and provides an easy interface to the chip.

∗The exact loadcell used is no longer listed. The same loadcell is available from other sellers but may be

from different manufacturers. An example is [21].
†Again, the exact loadcell used is no longer listed. The same loadcell is available from other sellers but

may be from different manufacturers. An example is [22].
‡Similar to the loadcell, the ebay listing is no longer available. A similar product is [23].
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The driver shaft, threaded shaft, runner, and runner bearing were designed in

FreeCAD software and 3D printed.

3.5.3 Calibration

The calibration’s purpose is to fit a model for the mechanical load on the loadcell to

measurements of loadcell value and known torque data so that torque measurements

can be made. This is done by shearing a fluid of known viscosity in the rheometer,

while measuring strain rate and loadcell value. The stress evolved is therefore found

using Equation (2.1):

σ = μγ̇ (2.1 again)

The connection between the loadcell value and stress is modelled below. Using the

model, the loadcell value can be converted to a torque, and then a stress, by fitting

the model parameters to the system.

The data from the stress sensor are recorded as a 24bit number, indicative of the

voltage level measured by the HX711 which, represents the force on the loadcell.

The force measurement originates as a torque on the inner cylinder, transferred by

threaded cylinder (F ∝ M). The function transferring torque to loadcell is linear, so

torque on the cylinder can be expressed as a simple linear function of the loadcell

measurement

Mtot = kLC→M (LC − LCz) (3.8)

where Mtot is the total torque loaded on the driven shaft in Nm, kLC→M (unit Nm) is

a calibration coefficient converting loadcell number to a torque, and LCZ is calibration

offset in loadcell measurement and is a 24-bit number.

Since torque is conserved, a torque balance over the system can be performed.

In the driving direction, torque is provided by the motor only. It is this torque that is

measured. Counter to that there is a torque imposed by the fluid by action on the

cylinder with which it is in contact as well as any friction in the apparatus:

Mtot = Mƒ rcton + Mod (3.9)

where Mƒ rcton is the component of the torque on the shaft due to friction in the cou-

pling, and Mod is the torque on the shaft due to the fluid in the Couette. Both have

units of Nm.
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The torque due to dynamic friction scales with angular velocity:

Mƒ rcton = kωr→Mωr (3.10)

where kωr→M is a coefficient converting angular velocity to dynamic friction torque,

with units of Nms rd−1, the quantification of which will be discussed shortly.

Protocol

Several mixtures of glycerol and water were prepared as a set of Newtonian fluids

with different viscosities. Solution names, compositions, and expected viscosity are

shown on Table 3.2. Expected viscosity for the glycerol solutions were found using

the expression (fit to tabulated data) of Cheng [24]. These fluids were sheared in the

rheometer at varying strain rates while loadcell measurement LC and strain rate γ̇

were recorded.

Table 3.2: Mixture compositions and expected viscosity used in the calibration. Mate-

rials are discussed further in Chapter 4.

Material Percentage Glycerol Expected Viscosity

P s, at 20◦C

G0999 99.99wt% 1.314Ps

G95:W05 95wt%, rest water 0.485Ps

G85:W15 85wt%, rest water 0.105Ps

Motor supply voltage is altered to change the rate of rotation, with no actual control

in place. This is discussed in Section 3.6. For a particular supply voltage, the fluid is

sheared at a single rate as it is Newtonian. By changing the supply voltage, different

angular velocities (strain rates) are obtained. In this manner a strain rate sweep can

be achieved.

The materials were sheared at each strain rate (each voltage) for 3 minutes before

stopping, and restarting at the next strain rate (voltage). During a run, temperature,

strain rate, angular velocity, and raw loadcell (24-bit) are measured. After the sweep

of voltages, the shear cell was emptied and refilled with fresh fluid and the set of runs

repeated.

The shear data is used to find the fitting parameters kLC→M, kωr→M, and LCZ. By

using tabulated data [24] and measured temperature, the viscosity of the fluids are
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known. Measured strain rate was used to obtain a value for the expected stress by

multiplying with viscosity, σ = μγ̇. Guess values are provided for the fitting parame-

ters. A guess stress is calculated using Equations (3.8) to (3.10). Error in the guess

is calculated as the sum of the square differences between the guess stress and the

expected stress. Optimising for least error yields a set of calibration parameters.

Results

Resulting parameters for the fit for each loadcell are summarised on Table 3.3. The

values of parameter kω→M, the dynamic friction factor converting angular velocity to a

torque, should be the same for each loadcell as this depends on the linkage between

loadcell and motor only. The parameter is similar between the two loadcells, being

approximately twice the value for the 100g loadcell as for the 5kg loadcell. The errors

presented on Table 3.3 are not exhaustive and are only resulting from the fit: complete

measurement uncertainty is discussed later in Section 3.5.5 The calibration results

are assessed by plotting measured (calibrated) stress and viscosity and comparing to

expectation from literature. These plots are shown on Figure 3.12.

Table 3.3: Summary of calibration results.

Parameter Value Unit Percentage Error

Loadcell 1, rated to 5kg

LCz 2,147,401,064 — 3.58 × 10−5%
kLC→M 1.320 × 10−7 Nm 2.41%

kωr→M 9.63 × 10−5 Nms rd−1 23.15%

Loadcell 2, rated to 100g

LCz 2,148,329,623 — 1.88 × 10−3%
kLC→M 2.63 × 10−9 Nm 3.17%

kωr→M 1.90 × 10−4 Nms rd−1 14.27%

The calibration results shown on Figure 3.12 are plots of measured viscosity (filled

circles) against strain rate, in comparison to expectation (dashed lines). Also plotted

are stresses on the same x-axis. In general the fit is good. The viscosity measurements

are around that expected, the stress lines are increasing with rate at a constant gra-

dient. However, there is a not insignificant scatter, especially for the higher viscosity
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Figure 3.12: Calibration results for (a) Loadcell 1 and (b) Loadcell 2. Plot showing

expected viscosities (dashed lines) and the measured viscosities obtained using the

optimization (coloured circles). Faint solid lines show the stresses. Colours indicate

material as in legend (notation described in Section 4.2.1). The expected viscosity is

obtained using correlation of Cheng [24] as outlined in Chapter 4. The stress lines

show an apparent drop in viscosity — this is only due to scatter in the results, ac-

counted for in Section 3.5.5

glycerol runs (in blue).

Part of the spread could be attributed to possible water ingress. Glycerol’s viscosity

is highly sensitive to the presence of water. Care was taken to ensure the glycerol

is kept dry, but even atmospheric water can be taken into the glycerol due to its

hygroscopic nature. However this is unlikely the cause due to the amounts of water

required to alter the rheology (discussed in Section 4.2.1). A more likely cause is due

to differences in initial loading can create an erroneously high stress measurement —

due to increased friction in the force transmission. The lower two compositions tend

to have lower scatter than the pure glycerol run. In addition, the scatter increases

when the rate is lower — indicating perhaps the scatter is due to the increase in stress
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measurement scatter with decreasing rate.

3.5.4 Data Processing

Data are recorded from the ADC as a 24-bit number. This number is converted to

a torque using the calibration coefficients Table 3.3, and Equations (3.8) to (3.10).

Torque is them converted to stress using Equation (3.7) and the geometry (Table 3.1)

with the specific fill depth Hƒ  used in the run.

3.5.5 Limitations

Sensitivity and Range

The relationship between loadcell force measurement and stress can be estimated by

tracing its route from the loadcell to the cylinder. The loadcell is connected to the

cylinder by an arm connected to the screw: the torque on the screw (radius rs = rn) is

converted to a force on the arm.

Frm =
Mscre

rn
(3.11)

The stress on the cylinder is converted to a torque by action on the wetted area A of

the cylinder.

Mcy = Aσ (3.12)

= 2πr2nHƒ σ (3.13)

Bringing Equations (3.11) and (3.12) together gives the approximate relationship

between force and stress:

F ≈ 2πσHƒ rn
σ ≈ F − Fƒ rcton

2πHƒ rn
(3.14)

where Fƒ rcton is force due to connection between cylinder and loadcell.

Two loadcells were used over the course of the project with different operating

ranges. The first (misc loadcell, eBay) had an upper sensing limit of 5kg. The max-

imum measurement is obtained at minimum fill Hƒ ,min = 0.05m giving a maximum

measurable stress of:

σ5kgmx =
5 × 9.81

2 × π × 0.05 × 0.01505 = 15kP
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This loadcell’s high upper limit gave it the ability to withstand any force any suspension

threw at it; however with such a range range came poor sensitivity: low end of the

scale is marked by an increase in measurement scatter below ∼ 20P — taken as

an estimate for the lower limit of this loadcell. The lower limit of a loadcell can be

expressed as a percentage of the upper limit:

σ5kgmin =
20

15000
5kgmx = 0.33%5kgmx

The latter loadcell (misc loadcell, eBay) used in this project has a much lower 100g

maximum loading which corresponds to a lower maximum stress measurement:

σ100gmx =
0.1 × 9.81

2 × π × 0.05 × 0.01505 = 300P

The low sensing range gave much higher sensitivity at low stress. The percentage

estimate for sensing range lower bound of this loadcell is assumed to be the same as

for the first: 0.33%. Using this assumption, the lower sensing limit for this loadcell is

calculated by:

σ100gmin = 0.33%100gmx = 1P

Sample rate

Unfortunately the interfacing hardware (specifically the HX711 ADC) is limited to a

sample rate of at most 80s−1 [25]: less than the optical encoder’s sample rate of

∼ 1000s−1. In order to plot use data from each sensor together it is required to either

interpolate the stress signal, or reduce the sample rate of the encoder (possibly by

time averaging). In order to preserve the higher time-resolution data from the optical

encoder the former was done: first in first interpolation between stress measurements

was done and subsequently the interpolated stress values were divided by the strain

rate to give a viscosity.

Friction pre-loading

The torque transmission section of the stress measurement relies on there being little

friction in the transmission. Some losses are included in the calculation — mainly dy-

namic friction in the bearing. Static friction is included in the linear fit (hidden inside

the constant LCz). However, static friction depends on how tightly the components

are held together and how well lubricated they are. Unfortunately, the static friction

can change between runs, noticed especially between changes in motor. This was
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mitigated by cleaning and lubricating the components frequently, however there were

still runs taken with the erroneous stress measurement. These aberrant measure-

ments are in the minority. The effect can be seen in results shown in Chapter 5.

Uncertainty Analysis

The calibration process fits parameters to a linear function transforming loadcell to

load torque. Then stress is calculated from torque using geometric measurements.

The uncertainty in the calibrated function is three-fold: there is the fitting uncertainty

(totals 25.56% and 17.44% for the 5kg and 100g loadcells respectively, Table 3.3),

and the uncertainty in both the empirical data (2.3% [24]) and speed measurement

(3.9%, Section 3.4.4), to which the fit is performed:

%M
= %ƒ t + %ωr

+ %μ,emprc

5kg lodcell :

%M,5kg
= 25.56% + 3.9% + 2.3% = 31.76%

100g lodcell :

%M,100g
= 17.44% + 3.9% + 2.3% = 23.64%

Then the uncertainty (measurement error) in stress has the addition of uncertainty in

the geometric measurements (Section 3.3.3):

%σ = %M
+ 2%rn + %H

5kg lodcell :

%σ,5kg = 31.76% + 2 × 0.0166% + 2% = 33.79%

100g lodcell :

%σ,100g = 23.64% + 2 × 0.0166% + 2% = 25.67%

To check how well this estimate is, the average PRSD can be found from mea-

surements of stress in Newtonian fluids — a similar procedure to that performed in

Section 3.4.4 to estimate uncertainty in speed measurement. The resulting PRSDs are

plotted for each log on Figure 3.13 which shows the average PRSD is around one-third

of the estimated error. The larger estimate of uncertainty will be reported throughout.

In addition to the measurement error calculated above, uncertainty in the reported

stress will include some random error (due to unaccounted for or unexpected changes

in materials, ). To estimate this, the standard deviation of stress measurements were
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Figure 3.13: Percentage Relative Standard Deviation (PRSD) plotted for logged runs of

Newtonian fluids (glycerol, glycerol 95wt% and water, and glycerol 85wt% and water).

Dashed grey line denotes the average value of approx. 4%, however there are large

swings up to above 100%. This is likely an impact of the fluid on the measurement.

calculated across repeated runs of the same material at the same motor duty cycle

setpoint (see next section, Section 3.6, for description of duty cycle and motor control).

This analysis yielded a percentage random error in stress of 36.2% across runs of

cornstarch suspension (avoiding the dst region — the data presented in Chapter 5).

As this estimate of random error encompasses the variation due to the equipment

(calculated above), but results in a similar value, it can be concluded that random

error in stress measurement is negligible.

3.6 Motor Control

3.6.1 Purpose

The shear flow in the cell is driven by rotating the inner cylinder with an electric motor.

The rate and torque with which the shaft is rotated is directly related to the efficacy of

the rheometer. Stress or strain rate should be controlled throughout a rheometer run,

this is achieved by controlling the rate or torque output of the motor.
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3.6.2 Implementation

A DC motor [26] consists of coils of wire and some permanent magnets so that a cur-

rent through the coils creates a magnetic field pushing against the permanent mag-

nets and rotation as a result. The rate of rotation depends on the size of the induced

magnetic field and the load (torque) of the motor. For a specified power, there is an

inverse relationship between angular velocity ωr and torque output M for a DC motor,

stemming from an energy balance over the motor:

M =
1

ωr
η(ms, Vms)msVms (3.15)

where ms is the current drawn by the motor in A, Vms is the voltage supplied to the

motor in V, and η(ms, Vms) is the motor efficiency at the supply voltage and current.

A motor can be characterised by two numbers [27]: the angular velocity with which

it rotates with when unloaded, the “no-load speed” [28], [29] (ωr,NL), and the torque

at which the motor stalls, the “stall torque” (Mst), both at design-nominal supply

voltage. These define the motor characteristic curve and describe the relationship

between angular velocity and torque. For a particular voltage, a straight line approxi-

mately joins the two parameters on the plot of rotation rate against torque. As voltage

increases the line moves up, and as it decreases, the line moves down. A schematic

motor characteristic curve is plotted on Figure 3.14.
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Figure 3.14: Sketch of a typical motor characteristic curve.

DC motors operate better when rotated quickly; tending to stall or stutter at low

rotation rate due to the amount and position of the permanent magnets used to drive

motion. To obtain a low frequency rotation, a gear system is used. A gear ratio G12
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is the ratio of number of teeth on connected gears
�
n2
n1

�
in a gear train. Gear ratios

decide the resulting rate and torque of the system according to:

ωr,1

ωr,2
=
M2

M1
=
n2

n1
= G12 (3.16)

A gear box, in combination with electronic control (see Figure 3.15), allows a DC

motor to cover a wide range of rotation rates and output torques.

Motor rotation speed is affected by two factors:

• the load upon the motor, and

• the voltage supplied to the motor.

Load on the motor depends on amount and composition of the fluid, and for non-

Newtonian fluids, the strain rate as well. At steady state (where possible — barring

fluctuations in rate or stress in time), the rotation rate of the motor is set only by

supply voltage. Motor supply voltage is set per-run, using Pulse Width Modulation

(PWM) [30]. The motor is supplied with a voltage as high-frequency square wave,

the rate of rotation is decided by the ratio of peaks to troughs in the wave; a ratio

called the Duty Cycle (DC; typically a unitless fraction, or expressed as a percentage),

with rate directly proportional to DC. PWM has several advantages over pure voltage

control: the voltage supplied to the motor is always high so motor stall is mitigated,

motor efficiency is not constant over the range of voltages it can operate under and

so very low or very high voltages may cause unexpected variation in resulting speed

or torque output.

Over the course of the development of the hardware, three motors were trialled to

obtain the best possible range of strain rates and stresses for the rheological investi-

gation.

The last motor was used for the vast majority of measurements, however some

glycerol-water (Newtonian) measurements were made with the first motor (“ORIG”).

The main difference between the motors are in fact the attached gear boxes, which

change up the available speed ranges. The third trialled motor was used with several

different gearboxes. Each motor and gearbox combination was named chronologically

from “FIRST” up to “SEVENTH” §. A summary of the motors is included in Table 3.4.

§There is a gap in the naming scheme; the second motor was used in several runs but runs obtained

with it do not reach adequate strain rates — the naming scheme is preserved to maintain parity with the

underlying database of results.



CHAPTER 3. RHEOMETER DESIGN 53

T01 T02

D
01MM
01

15 V

GPIO12

LM358

R2

1 kΩ

R
3

3
kΩ

Motor Interface

Figure 3.15: Circuit diagrams for the motor supply voltage control system.

There are some important advantages to the voltage supply methodology shown

in Figure 3.15; if there is no actual control mechanical happening, there can be no

interference by the control system with the response of the fluid. This is especially

important for investigation of unstable or time dependent flows. Secondly, this simple

control scheme is much less error prone: there is no input variable, there is no mea-

sured noise (to affect the control method), there is no time delay and competing time

constants. This “control” method results in a measured signal that results mostly due

to the fluid’s action on the apparatus, without controller action to confuse matters.

The addition of an explicit control system is discussed in Appendix C.

3.6.3 Limitations

A motor have maximum speeds and torques as per their characteristic curves. The

reasonable limits for a motor’s operation are slightly below the maximum values (a

motor running under no load is doing no work; a motor running under maximum load

is not moving). A motor is also limited by the voltage and current it draws. The circuit

which powers the motor is limited to 15V and 6A, and so the motors are too. The

limiting speeds and torques of the motors are affected by loading and supply voltage,

so while limits could be calculated from the characteristic curve, they are more usefully
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Table 3.4: Table of Motors showing characteristics and gear ratios

Name Model and Manufacturer Gear Ratio

FIRST 238–9759, RS Components Unkn.

THIRD 942D, RS Components 27:1,

FOURTH 942D, RS Components 264:1

FIFTH 942D, RS Components 51:1

SIXTH 942D, RS Components 100:1

SEVENTH 942D, RS Components 516:1

measured.
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3.7 Temperature sensor

3.7.1 Purpose

Viscosity is often dependent on temperature. This parameter is controlled in most

commercial rheometers, but for this design it was deemed sufficient to measure tem-

perature. This is to take into account any shear-heating, rather than erroneously iden-

tifying shear-thinning as a result.

3.7.2 Implementation

Temperature is measured by a thermocouple attached to the outside of the outer

cylinder. The thermocouple is “type K” (NiCr) and has a measurement range of

−40 ◦C to 1000 ◦C and accuracy ±1.5 ◦C or 0.4% of the measurement (whichever is

greater) [31], [32]. The thermocouple is taped as tightly as possible to the glass cylin-

der to facilitate heat transfer to the probe and correct temperature readings. The heat

transfer from the fluid inside the cylinder through the glass to the thermocouple is as-

sumed to be fast in comparison to the length of the experiment, and the steady state

temperature difference between the fluid and outside wall is assumed to be negligible

— see calculation in Appendix G for details. Thermocouple is measured with the aid of

an interface board (MikroE-2501, RS Components) which uses an MCP9600 chip, con-

taining the ADC which converts the thermocouple voltage to 16-bit signal transferable

to the SBC by serial (I2C) interface, where it is converted to temperature in ◦C. De-

spite having 16 bits available to store information down to a sensitivity of ±0.0624◦C,
the MCP only has conversion accuracy to ±0.25◦C [33], therefore this is the minimum

increment for temperature measurement available using this hardware.

Two further temperature probes are used to monitor the ambient temperature, to

allow the shear heating effect to be measured. These ambient temperature probes are

both DS18B20 (Maxim integrated) and are slow to measure (∼ 750ms) making them

better suited to ambient measurement, which is not expected to change rapidly. The

ambient sensors are interfaced using a 1-wire interface, a high level interface which

reports temperature in ◦C. The logged ambient temperature data is the average of

the two ambient sensors.



CHAPTER 3. RHEOMETER DESIGN 56

Circuit diagram

The temperature system requires only a small supporting circuit (Figure 3.16) to in-

terface with the SBC due to the use of all-in-one (AIO) components containing noise

reduction and conversion circuitry.
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Figure 3.16: Circuit diagrams for the cylinder thermometer (a) and ambient ther-

mometer (b).

3.7.3 Limitations

The main limitation of the temperature measurement system is the low sample rate of

the ambient sensor, which records once a second. This is not a huge problem for the

system as the ambient temperature is not expected to change at all over the course

of a run, and if it did it would change slow enough to be captured sufficiently.

3.8 Piezoelectric Needle Device (PND)

3.8.1 Purpose

The Piezoelectric Needle Device (PND) was conceived by Forsyth [34] to gain further

insight into jamming fluids. It is used to get a picture of instantaneous, local, flow

conditions in a sheared sample of jamming suspension.

This sensor should:
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• indicate flow properties (rheology: stress and/or strain rate) within the cell,

• in a localised manner, and

• not affect the flow within the cell or affect it in a way that can be accounted for.

3.8.2 Implementation
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Figure 3.17: Schematic of PND construction.

The PND consists of a sewing needle attached to an arm, in turn attached to a

piezoelectric disk. This set up is mounted on an articulated arm on the custom Couette

rheometer (mounted on to the clamp stand forming the base of the rheometer). The

articulation is achieved by 3D printed beams screwed together — the screws can be

relaxed to allow movement and tightened to fix the PND position. The needle can then

be set so the tip sits below the surface of a fluid and stress can be transmitted by the

fluid to the needle, which moves and in-turn strains the sensor and registers a voltage

on the disk. Thus recording local stresses within the fluid.

This contrasts with Forsyth’s original design where a needle probe is attached sep-

arate from the piezoelectric disk such that fluid viscosity perturbation would cause the

probe to hit the disk. The design used in this work was used to simplify the process
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and to be able to better quantify the PND signal. A schematic of the design used is

shown on Figure 3.17.

The piezoelectric effect transforms a strain into a voltage [35]. The relationship

between the magnitudes of strain and voltage is given by¶:

V =
dy,yAc

C
ϵy (3.17)

where dy,y is a coefficient describing the piezoelectric effect, Ac is the area of the

crystal, C is the capacitance, and ϵy is the strain.

To observe the characteristic peak-and-overshoot response of the piezoelectric

disk, it was tapped manually at a steady rate while the voltage across the piezoelectric

disk is measured and recorded. The result is shown on Figure 3.18.
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Figure 3.18: Plot of voltage across a piezoelectric crystal against time during tapping

(up to 78s) and after tapping subsides. This shows the characteristic response of the

PND. Inset shows detail of the peak-overshoot event. Δt is the loading time of the

event, and ΔV the change in output voltage due to charge leakage.

This voltage is recorded by ADC (MCP3208, RS Components). Due to the overshoot

in response, there is significant information in both positive and negative parts of the

signal, which cannot be picked up by a single ADC channel alone. The signal is split

into positive and negative channels using two half-wave rectifier diode arrangements

(Figure 3.19). The resulting two channels are fed to channels 1 and 2 of the ADC,

where the voltage can be measured by the SBC. Large measurement resistance (in

¶See Appendix A for more discussion of piezoelectricity.
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the ADC) and shielded cabling is used to reduce the charge leak and thus overshoot,

but it persists.
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Figure 3.19: Circuit diagram of PND interface.

3.8.3 Data Processing

Recombination of the channels is simple:

VPND = V+ePND − V−ePND (3.18)

where VPND is the signed (positive and negative) voltage measured by the ADC from

the PND, and V+ePND and V−ePND are, respectively, the individual positive and negative

channels.

3.8.4 Limitations

Noise Interference

As the piezoelectric disk is essentially a microphone, there is the possibility of picking

up unrelated data — noise — from the sounds in the lab. A large source of sonic noise

is the motor which makes a loud, high-pitched whirring sound. In addition, vibration

produced by the motor could similarly be picked up as it moves through the clamp

stand which holds both the shear cell and the PND apparatus.
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To estimate the latter source of noise, the PND was suspended from the ceiling

during a logging run in the rheometer and compared to a run with the PND in its usual

place, but with no fluid thus isolating the effect of noise, and of noise in combination

with vibration transferred through the supporting structure. The resulting timeseries

of PND voltage, and Fourier transform of same, are shown on Figure 3.20.

0 50 100 150 200 250 300
Time, t/s

−0.4

−0.2

0.0

0.2

0.4

P
N

D
V

ol
ta

ge
,

V
P

N
D
/V

Normal Suspended

101 102

Frequency, ω/Hz

10−6

10−2

102

106

P
N

D
F

T

ω 2ω ωAC 2ωAC 3ωAC ωm

Figure 3.20: Timeseries and Fourier transform plots of PND voltage, comparing

unattached PND suspended in air to attached PND..

The PND suspension results show a dramatic increase in noise magnitude on the

timeseries plots between the suspended (orange) and non-suspended (i.e. normally

attached, blue) runs. The Fourier transform plots give an indication of what noise

sources are creating the remaining noise in the suspended run. There is a peak at

50Hz and its integer multiples suggesting that the noise comes from AC interference.

In the non-suspended runs the noise is of much higher power, dwarfing the timeseries

and even the Fourier plots. This suggests that little to no sound (travelling through

the air) is picked up by the PND, but vibration (travelling through the metal frame) is

picked up.
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In the non-suspended Fourier plot, it is difficult to pick out many known peaks.

There is a slight peak at AC frequency (marked in green), but not any reflections at

integer multiples. There is a hint of another peak at the motor rotation frequency

(ωm = ω × Nger , picked out in purple).

There is a wide spectrum of peaks from 70Hz up to just under 200Hz. These

are plausibly vibrations from the motor and gearing. The gearing in the motor has

unknown intermediate stages, which could lead to peaks at other multiples of the

rotation rate. One frequency we can guess is the rotation rate of the motor (ωm), not

the gearbox output (ω), by dividing by the gear ratio. The intermediate frequencies,

between motor and shaft rates, may come from intermediate stages in the gearing

and could be spread out by mechanical interference as it travels through the structure

to the sensor.

Dynamic response v Static response

The response from a piezoelectric device to an step of strain (from rest to a value and

held) is shown on Figure 3.18. Note the sharp spike down as the sensor is impulsed,

then the overshoot back up and slow decay. The magnitude of the initial spike is

related to the magnitude of the strain. The decay means the piezo is not suited to slow-

moving signal measurement; it is best suited to high frequency measurement [35].

The overshoot is due to charge leaking from the crystal [36]. If a strain on the crys-

tal charges it to 10 coulomb, while strained 2C leaks (leaving a charge of 8 coulombs),

the removal of the strain will result in a -10 coulomb change in charge. This takes the

charge on the crystal to 8 − 10 = −2C and is seen as an overshoot.

This makes the PND most suitable for very high frequency measurement. Piezo-

electric disks are typically used as microphones as the relatively high-frequency signal

(sound) is easy for it to pick up. However, slow-moving signals will present with much

noise.

For this use, as a probe within a sheared suspension, the rotation rate of the cylin-

der in the shear cell will impact the noise in the PND measurement. Slow rotation rates

will result in more decay-overshoot in the measurement. This is not noise, however,

but potentially useful information. The time between a loading peak and its overshoot

informs how long the strain was placed on the crystal. If the decay time constant of

the crystal is known, then the duration of the response can be estimated knowing the

peak and overshoot magnitudes. If an overshoot appears in an otherwise Gaussian-

noisy signal then it is an indicator that a long-duration strain was placed and removed
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from the needle.

Needle size

The needle takes up a significant portion of the shear cell gap (1mm in a gap of

4mm), limiting the number of possible positions. If the needle is placed near the wall

as opposed to a central position, then the needle tends to “hug” the wall and not move

with the fluid as desired. This effect is seen especially for tests of high concentration

suspensions (φ > 30%).

3.9 Summary

In this chapter the design of the custom rheometer is detailed, including the con-

struction and limitations of each design component. The custom rheometer will be

assessed further in Chapter 5. Usage of the custom rheometer is described in Chap-

ter 4. Further detail on related topics are included in the Appendices: piezoelectricity

(Appendix A), 3D printing (Appendix B), PI control (Appendix C), and a summary of

electronics (Appendix D). Using similar design principles a syringe pump rheometer

was design along the course of this project (more information in Appendix F), used in

a related PhD project [37].
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4. Materials and Methods

4.1 Overview

In this chapter, materials and methods used in this work are discussed. Experimental

materials — fluids used in rheological experiments — are discussed first; beginning

with a description of the fluid properties (including rheology). This is to give back-

ground on potential issues and idiosyncrasies of working with the fluid before detail-

ing the preparation of the fluid. Cornstarch is suspended in a mixture of glycerol and

water. Cornstarch is the solute of choice due to its ease of suspension in solvents like

water, its low-cost, low reactivity, and wide availability. However, it has its downsides

such as its polydispersity and porosity. Glycerol is added to water for use as a sol-

vent as the increased viscosity makes measurement of stresses easier and makes the

rheology more prominent [1]. In addition, glycerol-water mixtures are a useful Newto-

nian standard that can be tuned to different viscosities by altering the water content.

Experimental methods follow, detailing the procedures used in experimental testing,

finally followed by a description of data analyses.

4.2 Materials

4.2.1 Glycerol

HO

OH

OH

Figure 4.1: Molecular structure of glycerol showing the three hydroxyl groups giving

glycerol its characteristic hygroscopy.
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Glycerol (Figure 4.1) is a highly polar, viscous, hygroscopic, Newtonian fluid [2].

Glycerol’s high viscosity, Newtonian nature, and low cost make it a useful rheological

test fluid. However, its viscosity is highly sensitive to water content (see Figure 4.2).

This is problematic for a fluid which is hygroscopic. Any change in viscosity must be

prevented by careful handling and storage of the glycerol: beakers and other contain-

ers sealed with parafilm or other plastic to prevent atmospheric water ingress.

Temperature also has an effect on the viscosity [3], albeit not as pronounced as

composition. Mixtures of glycerol and water have a less steep temperature depen-

dence as the glycerol is mediated by the water. The composition (water content)

sensitivity of pure glycerol is very high at low water content. As water is added, this

sensitivity drops dramatically.

Viscosity and density data were compiled by [3] and used to obtain empirical formu-

lae for the rheological properties of a glycerol water mixture for different compositions

and temperatures. The viscosity for water (μ in P s) and glycerol (μg in P s) are

given by:

μ = 1.79 × 103 exp
� −1230T − T2
36100 + 360T

�
(4.1)

μg = 1.21 × 107 exp
�−1233T + T2
9900 + 70T

�
(4.2)

where temperature T is in ◦C. Component viscosities are combined to give the mixture

viscosity:

μm = μαμ
1−α
g (4.3)

where

α = 1 − Cm + bCm (1 − Cm)
Cm + b (1 − Cm)

b = (4.9 + 0.036T)2.5

 = 0.705 − 0.0017T
and Cm is mass fraction of glycerol in the suspension.

Effect of composition on glycerol-water mixture rheology

The viscosity of glycerol-water mixtures is shown on Figure 4.2. The viscosity grows

near-exponentially from the viscosity of pure water (at Cm = 0) up to the viscosity

of pure glycerol (at Cm = 1). The sensitivity of the viscosity to composition (i.e. the



CHAPTER 4. MATERIALS AND METHODS 68

0.0 0.2 0.4 0.6 0.8 1.0
Glycerol Mass Fraction, C m

10−3

10−2

10−1

100

M
ix

tu
re

vi
sc

os
it

y
µ

f
/P

a
s

T = 10◦C
T = 25◦C
T = 40◦C

10−3

10−2

10−1

100

101

102

V
is

co
si

ty
se

ns
it

iv
it

y
d
µ

f

d
C

m
/P

a
s

Figure 4.2: Plot of viscosity of glycerol-water mixtures against glycerol mass fraction

(solid line; left y-axis) and plot of viscosity sensitivity (gradient of previous; dashed

line; right y-axis). Plotted using Equation (4.3). Colour indicates temperature as in

legend. Note rapid increase in viscosity and sensitivity for Cm ≳ 0.8.

gradient of the curve) is also near-exponential. It can be seen that as glycerol con-

centration increases, there is a large increase in sensitivity — the rate of change of

viscosity decreases from O
�
10−4
�
P s∗ to O
�
10−1
�
P s exponentially with composi-

tion.

The hygroscopic nature of glycerol means a pure glycerol sample left open to the

atmosphere for any length of time will leach water from the air and reduce in viscosity.

For making suspensions, a rheologically stable solvent is required. A threshold for

stability of Cm = 0.85 was chosen as this is a good balance of high viscosity μ0.85 ≈
0.1Ps and not too-high sensitivity dμ

dCm

���
μ0.85

≈ 1Ps (viscosity values correspond to

a temperature of 25◦C). In addition a composition of Cm = 0.85 was used by previous

researchers in the author’s lab. By using the same composition comparison between

current and previous runs are enabled.

The glycerol is stored in glass bottles inside a cupboard within our lab. The bottles,

once opened, are sealed with parafilm to prevent water/humid air ingress. The aver-

age laboratory humidity is a little over 50% (discussed more later, see Figure 4.10)

and an average temperature of 14◦C — corresponding to an absolute humidity of

0.007kgm−1. Assuming the seal is perfect, then no more than 40mg of water will

enter into any volume of 850g of glycerol — a negligible water content increase of

4 × 10−4wt%.

∗where O(. . .) may be read as “on the order of . . . ”.
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Effect of temperature on glycerol-water mixture rheology
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Figure 4.3: Plot of viscosity of glycerol-water mixtures against temperature, for differ-

ent glycerol mass fractions. Plotted using Equation (4.3).

The effect of temperature on the viscosity of glycerol-water mixtures is summarised

on Figure 4.3: a plot of viscosity of glycerol-water mixtures as temperature increases.

The previously selected, relatively rheologically stable†, mass fraction of 0.85 has a

relatively low temperature dependence (O
�
10−3
�
P s ◦C−1), in addition to the previ-

ously mentioned qualities. This makes this and lower concentrations well suited to use

as a solvent for making suspensions.

Preparation

Glycerol (Sigma Aldrich, 99.99%) solutions in water (deionised; prepared using Milli-

pore “Milli-DI” membrane purifier) are prepared on a mass ratio basis. This is in part

due to the extreme difficulty in measuring out small quantities of glycerol necessary

to obtain accurate compositions. Syringes are the best way to dispense glycerol, even

at small volumes as they provide the necessary plunging pressure to move the high

viscosity fluid. Other methods, such as air-displacement micro-pipettes suffer from

a lack of accuracy due to the required suction-power to accurately move volumes of

high-viscosity fluids like glycerol: the fluid resists the piston and less-than the desired

amount will be dispensed. There are techniques which can be used to mitigate this

(reverse pipetting [4]) but for the large volumes of glycerol required here measuring

†rheologically stable in that the rheology is not very sensitive to composition changes.
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by weight was deemed more suitable.

Preparation involves weighing out glycerol and deionised (DI) water into a beaker

on a balance. The solution is then thoroughly mixed and allowed to settle for at least

two hours before use which allows any trapped gas bubbles to escape.

The resulting mixture is stored in a 1l glass bottle, with cap sealed by parafilm

to ensure no exchange of moisture between the atmosphere and the solution. Each

solution is made up and used within two weeks.

Notation

“Pure” stock glycerol is referred to by the letter “G” followed by the concentration on

the bottle of the glycerol. Glycerol-water mixtures are denoted by the mass ratio of

the two components with the letter “G” on the glycerol side of the ratio and the letter

“W” on the water side. A list of glycerol stock and glycerol water mixtures and the

relevant notation is given on Table 4.1.

Table 4.1: Table of glycerol and glycerol-water mixture compositions and their refer-

ence symbols.

Symbol Composition Source Viscosity

at 20◦C/P s

G0999 Stock glycerol, 99.99wt%. Sigma Aldrich. 1.6

G95:W05 Glycerol 95wt% and DI water 5wt%. Millipore 0.5

G85:W15 Glycerol 85wt% and DI water 15wt%. Millipore 0.1

4.2.2 Cornstarch Suspension

Cornstarch is a common tool used in rheological study of shear thickening suspen-

sions [6], [7]. It is also has importance in the food and drink industry as a thickening

agent due to its ability to form a paste-like gel after cooking in water, and as an alter-

native to wheat based starch thickeners. Starch is composed of polymers of glucose:

amylose (Figure 4.4a), a long chain, and amylopectin (Figure 4.4b), a highly branched

chain. The two components appear in different quantities depending on the source,

normally around 25wt% amylose, the rest amylopectin [8]. On heating with water,

these chains cross-link and create a network of chains, forming the basis of the gel.

Without heating, the particles in suspension in water will physically change over time
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Figure 4.4: Molecular structure of (a) amylose and (b) amylopectin, (c) SEM image of

cornstarch particles from [5] and (d) rough schematic of cornstarch particle showing

the pores.

resulting in a changing rheology (shown on Figure 4.5). It is possible this effect is due

to the particle absorbing water: this “wicking” effect decreases the available solvent

and thus increases the packing fraction.
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Figure 4.5: Plot of average relative viscosity (viscosity at time t, μt relative to initial

viscosity μ0) against age for Cornstarch suspensions allowed to swell in solvent. Up

to 36 minutes, there is little change. After an hour, there is an apparent change (low

viscosity at low stress, high viscosity at high stress: an increase in shear thickening

effect). This effect is relatively stable after a few hours. Experimental data from Dr.

Jose Ruiz-Lopez (Basque Center for Applied Mathematics).

Figure 4.5 shows the change in measured rheology of a suspension of cornstarch

as it is aged. Viscosity of cornstarch suspensions is measured at different suspension

ages resulting in different viscosities measured. This is shown on the Figure as a sharp

increase in viscosity up to four hours, which slows down after this point. Therefore,

suspensions are allowed to age for a full day before use, to allow the rheology to sta-

bilise. If suspensions are used straight away, the suspension rheology (high gradient
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on Figure 4.5) is likely to be sensitive to even small delays of under an hour, while leav-

ing the suspension to age for longer results in lower sensitivity and more consistent

rheology.

Cornstarch granules are porous, roughly spherical particles (Figure 4.4d) composed

of starch chains. Some of the pores are open to the outside and allow solvent in,

resulting in the wicking effect [9]. The extent of wicking may be estimated using a

measure of the porosity and moisture content of the particle prior to making up the

suspension. Han et.al. have estimated the porosity for a sample of cornstarch using

ultrasound [7]. The volume fraction φcs of an aged (i.e. fully wetted) suspension of

cornstarch can be estimated from its mass fraction cs using:

φcs =
1

1 − ψ
(1 − ξ)cs/ρcs

(1 − ξ)cs/ρcs + soent/ρsoent + ξcs/ρter
(4.4)

where ψ is the particle porosity or void fraction in m/ml, ξ is the particle mass ba-

sis moisture content (of “dry” particles before suspension) in g/g, and ρ is density in

gcm−3. ρcs is the material density of the cornstarch particles themselves, not bulk

density. The value obtained by density matching in organic solvents [7]. cs and

soent are the mass fractions of cornstarch and solvent in suspension. A comparison

of the estimated volume fraction with mass fraction for cornstarch (cs.) suspensions

is presented on Figure 4.6.

Moisture in the air adsorbs onto the pore surface to equilibrium described by the

relative humidity. Water sorption into starch was a topic of interest in the mid 20th

century. The moisture content of a cornstarch powder can be estimated from the

relative humidity in which it is stored using Figure 4.7 from [10]. Note on the Figure

that at zero relative humidity, there is a minimum moisture content for the starch.

Laboratory humidity is discussed in Section 4.2.2

Sedimentation

To prevent sedimentation, the solvent density may be matched to the particle density.

This is usually accomplished by the addition of salt to the solvent, increasing mass

while not affecting volume [9], [11]–[13].

The density of a solution increases as salt is dissolved, however not in a simple

linear fashion. The amount of solute required to achieve the density increase required

may be calculated from tabulated solubility data. However, solubility data for the

solvent in use is difficult to find, and experimental trial-and-error may be employed.
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Figure 4.6: Plot of estimated cornstarch (Cs.) suspension volume fraction against

mass fraction. Volume fraction estimated using Equation 4.4 and values ψ = 0.31 [7],

ξ = 0.14 [10], ρsoent = 1.25gcm−3 [3] and ρcs = 1.65gcm−3 [3]. This results in

volume fractions less than the mass fraction, for mass fraction less than 0.4 and vol-

ume fractions greater than mass fraction for mass fractions greater than 0.4. Around

a value of 0.4, the mass and volume fractions are the same. For the mass fractions

in this work  ≤ 0.44, the volume fraction is never deviates more than 0.8% from the

mass fraction.
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Figure 4.7: Graph of cornstarch moisture content by mass against relative humidity.

Adapted from [10]. Lab humidity discussed later on in Section 4.2.2.

Salt choice is made on a basis of solubility (it must dissolve readily enough to

be able to affect the desired change in density) and reactivity (it should not react

with the components of the suspension: water, glycerol, amylose, and amylopectin).

Starch hydrolyses in acidic or basic solutions. Starch forms a complex with tri-iodide

ions [14]. Salts which would enable these reactions are to be avoided.

A possible choice of salt is Caesium Chloride [7] however this material is fairly
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expensive and would therefore not be feasible to use in the amounts needed for this

work. Alternative salts were sought, however could not be found to be sufficiently

soluble and non-reactive, while also being economically feasible.

Experiments were therefore conducted under the assumption that suspensions

could be re-suspended following ageing, and that they would not re-sediment appre-

ciably in the short time frame of an experimental run.

In any case, Derjaguin-Landau-Verwey-Overbeek (DLVO) [15] theory describes a

screening effect between charged particles in the presence of ions. The cornstarch

particles in suspension are charged, allowing the suspension to remain relatively sta-

ble. By introducing salts to the suspension, ions would screen the particle charges

and cause agglomerates to form. This has been investigated in the context of shear

thickening [16], [17], showing that addition of salt reduces and eventually removes the

inter-particle repulsion and thus the frictionless state necessary for dst. By not adding

salt to match density, the stability of the suspension is preserved (no agglomeration)

as well as its rheology (frictionless to frictional transition maintained).

Rheology

The WC phase diagram (Figure 4.8) gives an indication of the expected behaviour for

a suspension of cornstarch in Newtonian solvent.
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Figure 4.8: Phase diagram for cornstarch suspensions in terms of composition (volume

fraction of cornstarch) and applied stress.

The phase diagram is given in terms of volume fractions, but suspensions are pre-

pared on a mass basis. The volume fraction can be obtain from the mass fraction

by use of Equation (4.4), knowing the humidity the cornstarch is stored in and the

cornstarch porosity (using the estimate of 0.31 of Han et al [7]).
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Prepared suspensions are shear thickening, and exhibit shear jamming [6]. These

suspensions show a middling onset stress of σ⋆ = O(10P) [18]. (Compare with PMMA

in decalin systems which have an onset stress which varies with particle size between

O(100P) and O(0.1P) [19].)

The Wyart Cates model (Equations 2.1, 2.4, 2.5, and 2.7 — repeated below) is fit to

experimental data.

σ = μγ̇ (2.1 again)

μ

μƒ
=
�
1 − φ

φj

�−2
(2.4 again)

φj(σ) = φmƒ (σ) + φ0 (1 − ƒ (σ)) (2.5 again)

ƒ (σ) = e−
�
σ⋆
σ

�β
(2.7 again)

The model equations together are used to predict the strain rate γ̇ which which a fluid

(of volume fraction φ) is sheared with stress σ (i.e. γ̇ = ƒWC(σ,φ)). Equation 2.7 is

used to first get the fraction of frictional contacts ƒ , followed by Equation 2.5 yielding

the jamming volume fraction required to calculate the effective suspension viscos-

ity using Equation 2.4. Finally, the strain rate is calculated using Newton’s viscosity

law, Equation 2.1. In addition, it is necessary to estimate volume fraction using Han’s

method (Equation 4.4). The model has five parameters (not including the inputs φ

and σ): solvent viscosity μƒ , minimum jamming volume fraction φm, jamming volume

fraction φ0, friction function exponent β, and onset stress σ⋆. There are a further

five parameters required when estimating volume fraction from mass fraction: ξ, ψ,

ρter , ρcs, and ρsoent, making for a total of ten parameters to be fit, but a number

of these are already known: the viscosity of the solvent can be calculated using Equa-

tion 4.3, the densities of water and glycerol are known for the temperatures involved,

and the density of the solvent (G85:W15) can be approximated using the following

equation[3]:

ρsoent = ρgyceroCm + ρter (1 − Cm) (4.5)

where ρsoent, ρgycero, ρter are the densities of the glycerol-water mixture, pure

glycerol, and pure water respectively all in gcm−3, and Cm is the mass fraction of

glycerol in the solvent. The porosity ψ of cornstarch particles has been calculated to

be 0.31 [7]. The moisture content ξ at the relative humidity of storage is given by Fig-

ure 4.7 (ξ = 0.14 for the average relative humidity in which the cornstarch was stored).
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Table 4.2: Wyart-Cates model parameters summary.

Parameter Fixed? Value or range Sources

μƒ Used in fit. 0.03Ps ≤ μƒ ≤ 0.3Ps Equation 4.3

φm Used in fit. 0.3 ≤ φm ≤ 0.5 [18]

φ0 − φm Used in fit. 0.01 ≤ (φ0 − φm) ≤ 0.3 [18]

σ⋆ Used in fit. 1P ≤ σ⋆ ≤ 10P [18]

β Used in fit. 0.1 ≤ β ≤ 10 [18], [21], [22]

ψ Fixed value. ψ = 0.31 [7]

ξ Fixed value. ξ = 0.14 Figure 4.7, [10]

ρcs Fixed value. ρcs = 1.65gcm−3 [7], [20]

ρsoent Fixed value. 1.25gcm−3 Equation 4.5

ρ Fixed value. 1gcm−3 [3]

The density of cornstarch particles (not bulk density) is reported as 1.65gcm−3[7],
[20]. This reduces the number of fit-able parameters to five. Bounds can be esti-

mated for the search region for most of the remaining parameters. Solvent viscosity

is estimable using Equation 4.3, but is allowed to vary in the fit between 0.03Ps

and 0.3Ps — found to be required to achieve a good fit. Onset stress for cornstarch

suspended in glycerol-water is O(5P) [18]. φ0 is larger than φm and is around the

value of φRLP [18]. φm is ∼ 0.4 [18]. To enforce φ0 > φm, the difference φ0 − φm is

used in the fit. β has a value O(1) [18], [21], [22].

Experimental data from this work are fit (least-squares) to the model, as well as to

data collected‡ on a commercial rheometer in our lab (TI Discovery Hybrid Rheometer

3 or DHR-3). These fits are compared to a fit from literature [18] on Table 4.3.

The WC fit parameters are used to draw phase diagrams for all three fits, as per

the phase diagram construction method outlined in Section 2.4. These diagrams are

shown on Figure 4.9. The systems forming the basis for the fits are similar — two

have the same composition (this work’s system and the DHR-3 system) and the other

differs by having a lower glycerol concentration in the solvent: 50wt% as opposed to

85wt%. All three, however, use different geometries (and hence, flow patterns): the

DHR-3 system is a parallel plate, O’Neill et al. [18] used an extruder (resulting in a

combination of shear and extensional flow), and this work uses a concentric cylinder

geometry. The resulting fits are quite distinct, despite their similarities.

‡ Data from Dr. Jose Ruiz-Lopez, now at Basque Center for Applied Mathematics
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Table 4.3: Results of fitting Wyart-Cates model to experimental data recorded by the

custom Couette rheometer (CCR), a Discovery HR-3 (DHR-3) parallel plate rheometer,

and data reported for another cornstarch system in the literature [18]. Standard errors

are reported alongside fit values.

Parameter O’Neill et al. [18] DHR-3 CCR

φm 0.439 ± 0.002 0.444 ± 0.05% 0.509 ± 0.15%
φo 0.538 ± 0.003 0.517 ± 1.95% 0.678 ± 3.44%
μƒ not given 0.0557Ps ± 1.96% 0.113Ps ± 1.37%
σ⋆ 4.7 ± 0.2P 0.991P ± 2.35% 2.25P ± 0.46%
β 0.62 ± 0.03 2.16 ± 0.9% 1.85 ± 0.46%

The shape of the jamming line (solid line on Figure 4.9) is sensitive to the value

of parameter β, and especially affects the protrusion of the dst line (dashed line on

Figure 4.9) — even when controlling for other fit parameters. The lower β; the less

protrusion. This can be seen on the figure as the dst line for O’Neill et al.’s fit shows

a very small protrusion (minimum volume fraction for dst φdst = 0.429 down from

φm = 0.430), compared to the DHR-3 data fit with a much larger β value which has an

extreme protrusion of the dst region into the low volume fractions (as low as φdst =

0.392 down from φm = 0.444), or to the CCR fit which shows a protrusion down to

φdst = 0.433 from φm = 0.509. This is shown to emphasise the sensitivity of the WC

model to this system of cornstarch; a semi-hard aspherical, porous, and polydisperse

colloid.

Preparation

The cornstarch used in this work was obtained from Sigma Aldrich (product code

S4126, approx. 73% amylopectin and 27% amylose). The starch is an insoluble white

powder. The starch is stored in a cool, dry laboratory cupboard with temperature and

humidity monitored but not controlled. Temperature varies over the course of a year

between 11◦C and 16◦C, with an average temperature of around 14◦C. Relative hu-

midity varies between 42% and 54%, and has mean value of 51%. The measurements

are plotted on Figure 4.10 to show the distribution of points.

The solvent, a mixture of glycerol (85% by weight) and water, is prepared first, as

described in Section 4.2.1. Once mixed, the solvent is allowed to stand for at least an
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Figure 4.9: Comparison of WC phase diagram for three sets of fit parameters (see

Table 4.3), including data from O’Neill et al. [18]. Solid line delineates transition to a

jammed or solid-like state as stress or volume fraction is increased. The dashed line

encompasses the unstable dst regime.
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Figure 4.10: Humidity and temperature of corn starch storage area. Measurements

span the course of nearly one year (from January 2020 to December 2020). Average

values of humidity and temperature are shown on the vertical and horizontal dashed

lines respectively.

hour.

Cornstarch is weighed into a beaker on a balance to the required amount, then a

standard mass (200g) of the solvent is added. The composition of the suspension is

altered by changing the mass of cornstarch. This mixture is gently stirred to get the

cornstarch off the bottom of the beaker, then vigorously stirred to wet all the corn-
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starch, ensuring no lumps persist. After mixture, the beaker is labelled and covered

with parafilm or other plastic wrap to prevent the suspension composition from alter-

ing either by evaporation or by taking in water from the atmosphere.

Due to the swelling/wicking effect (Section 4.2.2), cornstarch suspensions are left

to rest for 24 hours. After rest, suspensions are re-suspended by (vigorous) stirring

with a spatula until no lumps remain and the suspension is, once again, homogenous.

Notation

Similar to glycerol-water mixtures, cornstarch suspensions are denoted by the mass

ratio of components involved, with letters indicating the component in the ratio. Sus-

pensions involving a composite solvent, i.e. involving a solvent of multiple components

like glycerol and water do not have their composition explicitly stated, but are implied

to be the make up. The two digits give mass of cornstarch in ratio to the solvent mass

which is given by Nsoent = 100 − NCS. Example cornstarch suspension compositions

and symbols are shown on Table 4.4.

Table 4.4: Table of cornstarch suspension compositions and their reference symbols.

Symbol Composition

CS10:(G85:W15) Corn starch suspension, 10wt% corn-

starch, 90wt% glycerol-water mixture of

which 85wt% is glycerol and 15wt% is wa-

ter.

CSX:(G85:W15) Corn starch suspension, Xt% cornstarch,

100 − Xwt% glycerol-water mixture of

which 85wt% is glycerol and 15wt% is wa-

ter.

4.3 Methods

In this section a description of the use of the custom rheometer is given: starting

with loading procedure, then fixing the position of the cylinder (to ensure it is not

off-centre), and then a description of the test schedule (how experiments are run).
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4.3.1 Loading procedure

Before fluid is loaded into the rheometer, the device is empty with the outer cylinder

lowered and moved off to the side. The goal for the filling procedure is to provide a

consistent starting point for running materials in the rheometer. The stress measure-

ment is sensitive to variations in contact area between the inner cylinder and fluid.

This is managed by fixing the contact area (≡ fill height) to the same value for each

run.

The shear cell in the rheometer is loaded to a constant volume of 50ml. The vis-

cous nature of the test fluids makes measurement by volume very difficult by normal

means: pipettes fail to suck up the fluid, and syringes can cause filtration of a sus-

pension [18] resulting in a less dense test fluid than would be expected. The density

of some of the test fluids is hard to establish also as the suspended material swells

and has a non-quantifiable effect on the suspension volume. Filling is accomplished

by pouring fluid into the cylinder up to a volume indicated by graduations on the side

of the shear cell.

With fluid loaded, the outer cylinder is moved to the loading position: it lies beneath

the inner cylinder. It is then raised slowly. Fluid height is monitored and the cylinder is

considered in position once the fluid meets the graduation mark on the inner cylinder

(where the anchor bolt ends). Alternatively, the cylinder is raised until enough fluid

is in contact with the column > 50% and then fill depth can be measured from the

surface of the fluid to the inner cylinder graduation.

50ml is used as this is enough fluid to fill the gap between cylinders sufficiently to

allow the fluid level to rise to the inner graduation level while also allowing a sufficient

gap between outer cylinder rim and optical encoder for peripheral sensors (like the

Piezoelectric Needle Device, Section 3.8).

By ensuring a consistent loading procedure, shear stress can be measured given

the geometry and the fill height (≡ fluid contact area).

4.3.2 Positioning

With the fluid loaded and cylinder raised, the next step is to ensure the two cylinders

are concentric. First, orientation is ensured to be consistent by way of a spirit level.

Orientation is adjusted by rotating the components around the clamps which hold

them up.

Next, position is checked. A middling voltage (ranges from 3− 5V) is applied to the
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motor to shear the fluid. When the fluid is sheared, any eccentricity in the position

of the cylinder can be seen as an increase in height of the fluid. This allows the

eccentricity to be corrected by adjusting the XY table.

4.3.3 Test schedule

In a typical testing scenario of a fluid with the custom rheometer, a fluid is run at

different motor duty cycles — producing different stresses and strain rates (duty cycles

and motor control are discussed further in Section 3.6). Once loaded, the fluid is run at

a constant duty cycle for a set amount of time: from 90s up to 5 min. The majority of

runs were done at 3 min. At the beginning of the run, the motor is ramped up sharply

to a high duty cycle before falling back to the set point: this is to prevent stalling on

very thick suspensions, and is done to all fluids for sake of consistency. This step is

called “pre-shear”. After the pre-shearing, the fluid is run at the desired DC for its time

limit, while the loadcell, rotation, temperature and, optionally, the PND are recorded

(PND insertion is described in Section 4.3.4 below). Once the run is complete the

shearing is halted and the fluid comes to rest for a second or so while the logged data

is saved. Then the next run begins at the next run in the schedule.

A schedule of runs is set up to see any possible hysteresis, if it is present. Hysteresis

— a change in rheological behaviour after repeated shearing during measurement — is

not normally seen in these suspensions. However any hysteresis that the equipment

introduces should be highlighted and that is the purpose of the run schedule here.

Runs are conducted from low DC up to high, then back down. This is typically done

in steps of five (DC varying from 20% to 100% in steps of 16%): so one fluid may be

tested ten times before being swapped out and the schedule is repeated with fresh

fluid. Fluid schedules are repeated at least once. Further details of the experimental

data is given in the relevant results chapters in the “Experimental Details” section

(Section 5.2, Section 6.2, and Section 7.2).

4.3.4 PND Insertion and Positioning

The Couette cell gap is quite narrow (less than half a centimetre, Table 3.1) and so

there is little leeway when positioning the PND probe. If the needle is too close to ei-

ther cylinder then the needle and cylinder wall interact as described in Section 3.8.4.

The only option is to aim for the centre of the gap. This is done by moving the artic-

ulated arm until the needle can be seen to be approximately centred in the gap. The
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arm is maintained at a consistent height so that the needle depth is also consistent in

the fluid.

4.4 Analyses

In this section the main types of plots shown in this work are described: how the plots

are produced, as well as what kind of information is expected to be learned from the

plot.

4.4.1 Flow curve

The flow curve, introduced in Section 2.2, is a plot of stress against strain rate. These

plots are used to examine the rheological behaviour of a system. Flow curves of

cornstarch suspensions typically have an ‘s’ shape owing to an unstable region (see

Section 2.4).

These plots are used to compare between the WC model and measured data. Any

point where a line on the flow curve bends backwards indicates an unstable region —

a jump in viscosity.

4.4.2 Timeseries

A timeseries is a plot of a measurement against time. This is used to qualitatively

analyse the measurement. These plots can be stacked, one above the other, for

different measurements with the same x-axis thereby allowing multiple measurements

to be compared.

4.4.3 Fourier transform

The Fourier transform [23] (FT) decomposes a measured signal into a spectrum of sine

waves and returns the power of each wave frequency. This is useful for analysis of a

dynamic wave for highlighting sources of the dynamics. For example, in electronic

signals a frequency peak at 50Hz is likely to be due to AC interference as this is the

frequency of AC power (in the UK).

The Fourier analyses in this work take two forms: with respect to time, and with

respect to position.
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Temporal Fourier Transform

A signal varying in time passed into the Fourier transform will return the power of the

time-frequencies (in units of reciprocal time) of waves which, added together, recreate

the original signal. As mentioned, this is useful for identifying sources of dynamics in

the signal. This time-based Fourier Transform can be referred to as time-FT or tFT to

differentiate it from the spatial FT.

Spatial Fourier Transform

A Fourier transformed signal does not need to vary in time; it can vary in any dimen-

sion. A spatial Fourier transformed signal unveils the component spatial frequencies

(k, in units of reciprocal length or angle e.g. m−1 or rd−1 or rot−1). A peak at 2m−1

indicates a sine wave component of the signal with period of 0.5m — there is a recur-

ring peak in the original signal every half-meter. Where time-frequency gives number

of occurrences per unit time, spatial frequency gives number per unit length. This

spatial Fourier Transform can be referred to as spatial-FT or sFT to differentiate it from

the time-based FT.

In this work, position refers to the angular position of the inner cylinder of the

Couette cell. This is obtained by integrating the rotational speed with time, the result

being the cumulative angular position of the cylinder (the total radians rotated — not

reduced to between 0 rd and 2π rd). On the Fourier transform of a measurement

(stress, for example) with respect to angular position, there might be expected a peak

at a position-frequency of 1 rot−1 due to imperfections in the bearing, or some regular

flow phenomena occurring once every rotation.

This spatial FT removes distinction between rotation rates (one rotation at 5 rot s−1

is the same as one rotation at 15 rot s−1) and allows easier comparison between mea-

surements taken at different rates. For example, a peak that appears to grow with

rotation rate is more difficult to confirm on a tFT, whereas on a sFT the peak is posi-

tioned relative to one rotation. If the peak is at a multiple of a rotation rate, then it

will be in the same place on the sFT. This effect can be seen on the comparison plot

Figure 4.11, discussed in the next section.

Comparing Fourier Transforms

It is useful to compare FTs, but there is a lot of information to encode. A common

technique is to offset the power of Fourier transformed measurements and plot them
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on the same graph (e.g. [12, Figure 2]). However this can become cluttered when

comparing many measurements together. To increase information density while not

cluttering the information, a heatmap can be constructed with every horizontal line

encoding the FT of a single measurement, the colour at each point indicating the

power of the FT at a frequency indicated by the x-position of the point. An example of

this is shown on Figure 4.11.
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Figure 4.11: (a) tFT of stress for CS30, only showing top Duty Cycle (DC) values

(more information in Section 3.6.2). (b) tFT for CS30 at all DC values, as a scatter.

(c) Example heatmap plot of tFT of stress measurements. Calligraphic capital ‘F’ (F)

represents Fourier transform power. Measurements are grouped by composition. Each

group is sorted by DC. Composition and DC increase going from top to bottom. The

plot shows how comparison of many FT measurements is made more clear. Plot (c) is

taken from Chapter 7.

Figure 4.11 shows time-FT of measurements of stress. Brighter colours indicates

a higher power of the indicated frequencies. The bright spots moving right for each

composition as rate increases is a multiple of the rotation frequency — an effect more

clearly seen on the corresponding pFT plot (discussed later on, in Chapter 7). The

heatmap is formed by first taking the Fourier transform of the desired measurement.

Comparison between FT of comparatively few measures can be made by normalising

the FT and adding a factor to split the lines apart for clarity, see Figure 4.11 (a). This

is not very information dense, and becomes unwieldy when trying to compare large

amounts of data. A scatter plot is then formed on (b), showing the magnitude of the
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tFT as colour, and the y-axis now represents the DC (Duty Cycle) of the measurement

(roughly indicates rotation rate). This gives a good manner of viewing the FT of many

different measures. Then, comparisons can be made across materials by decreasing

the size of the scatter points and thus forming the heatmap in (c).

4.4.4 Correlation

By performing a two-dimensional histogram of a pair of signals, their correlation (or

lack thereof) is seen. This plot makes use of a heatmap to encode 2D information in

a clear, dense manner. An alternative is to simply scatter one measurement against

another, then fit a line. The goodness-of-fit gives the strength of the correlation —

the less spread the data is, the better the linear fit, and the better the correlation.

The advantage to the heatmap plot is increased clarity for noisy data like the PND

measurements.
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Figure 4.12: Example Piezoelectric Needle Device (PND) voltage to strain rate his-

togram. Brighter colours indicate higher co-incidence of the two measurements. The

plot shows no correlation between the two measurements — as shown by the vertical

line of bright colour at 0V.

An example of a 2D histogram is shown on Figure 4.12. This plot shows no cor-

relation between the measurements as the main backbone of the plot is a vertical

yellow line near the origin. There is no increased coincidence of PND and strain rate

along any of the diagonals. This type plot has the advantage over scatter plots in

that it shows the density of the measurements. There are many measurements of

the PND which drop below −0.02V, however these pale in comparison to the amount

of PND measurements much closer to 0V. This type of information would be difficult

to encode in a scatter plot although it would be possible by using opacity to encode
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density.

4.5 Summary

In this chapter the materials used in this Thesis were described, including rheological

properties.

Glycerol (and aqueous solutions of glycerol) make a decent Newtonian standard,

despite the potential sensitivity of the solution’s viscosity to water concentration. The

sensitivity drops off rapidly. 85% solutions of glycerol by weight are deemed to be a

good balance between viscosity and rheological stability.

Cornstarch suspensions are an example of a shear jamming fluid; shearing a corn

starch suspension results in a large increase in viscosity. These suspensions are a

great test system for rheological investigation of jamming suspensions due to the

ease of procurement of cornstarch, its safe and inert nature, low cost, and the ease of

suspension (pure water is a valid solvent for this system). However, it has some draw

backs: it swells in water (volume fraction inaccessible), it is very polydisperse, and is

non-spherical.
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5. Simple Rheometry

“Making the simple complicated is commonplace;

making the complicated simple, awesomely simple,

that’s creativity.”

Charles Mingus

5.1 Overview

A simple fluid is one that follows Newton’s law of viscosity: the viscosity of these

fluids is constant with respect to stress and rate of strain.

In this chapter, a series of shear experiments on simple Newtonian fluids (glycerol

and aqueous glycerol solutions, Chapter 4) are performed using the custom rheometer

(designed in Chapter 3). The results are compared to tabulated viscosity data. In

this way, the capabilities of the custom rheometer can be assessed. In addition the

dynamic features of the rheological properties measured by the custom rheometer are

investigated; further assessing the ability of the device.

The objective of this chapter is to use the custom rheometer to investigate the

rheology of various Newtonian mixtures of glycerol and water (G0999, G95:W05,

G85:W15, in the notation system described in Chapter 4). The results of the investi-

gation are compared with tabulated data from literature, and so critically appraising

the ability of the custom rheometer to measure viscosity of a sample. In addition,

limitations of the custom rheometer as highlighted in Chapter 3 will be investigated,

discovering their practical impact. The primary limiting factor of measurement noise

will be investigated and characterised to provide a baseline for the experiments on

complex systems discussed in the following chapter. Noise uncovered here would not

be expected to originate from any interesting behaviour of the fluid, but from the
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device itself.

This chapter begins with a description of the experimental methods used (Sec-

tion 5.2), followed by mean rheology results for shear experiments displayed on a

flow curve (Section 5.3). The custom rheometer is qualitatively benchmarked against

a commercial rheometer in Section 5.3.1. Dynamic results are then analysed through

the use of timeseries and Fourier transform plots. Timeseries plots of strain rate,

stress, and viscosity are analysed in Section 5.4, Fourier analysis in Section 5.6. Trends

in noise in the rheological measurements are investigated in Section 5.5. The novel

sensor, the Piezoelectric Needle Device (PND) is investigated in Section 5.7.

5.2 Experimental Details

The dataset for this chapter encompasses 164 individual runs on the custom rheome-

ter totalling approximately 6.5 hours of total run time, and 102,000 rotations of the

shear cell. The dataset includes three compositions of glycerol-water solution (from

pure glycerol to 85wt%) which were run for a range of motor duty cycles, resulting in

a decade of range for strain rate summarised on Table 5.1.

Glycerol-water mixtures were used as the Newtonian fluid due to its easily tunable

rheology (Chapter 4). Three compositions were used: pure glycerol (G0999), low-

water content (5wt%, G95:W05) and medium water content (15wt%, G85:W15).

This provided a viscosity range of ∼ 1.5Ps down to ∼ 0.15Ps.
Strain rates used were dependent on both the duty cycle set by the control program

and the motor used (discussed in Chapter 3). By varying the motor and duty cycle,

a range of strain rates between 1s−1 and 300s−1 were achieved. For the Newtonian

materials used, a constant viscosity is expected despite the change in rate.

Each run was conducted following the procedure described in detail in in Sec-

tion 4.3.1: the cylinder is loaded with approximately 50ml of material; the outer

cylinder then raised to meet the inner cylinder such that the inner cylinder is ap-

Table 5.1: Summary of simple rheometry dataset

Material Sub-set Contents Strain rate Range

G0999 55 logs From 17.1s−1 to 170s−1

G95:W05 54 logs From 18.9s−1 to 184s−1

G85:W15 55 logs From 1.9s−1 to 192s−1
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prox 73mm deep in the test fluid (the actual fill depth is measured and recorded); the

fluid is pre-sheared to highlight eccentricity in position which can be corrected using

the XY table; finally the fluid in the Couette is sheared for 1−5 min with the duty cycle

at the desired level.

During each run, a core set of measurements are always taken: loadcell (→ stress),

optical encoder (→ strain rate). In addition, some measurements were added to the

schedule over time which were not initially available. Ambient temperature was avail-

able early on, but more direct temperature measurement of the fluid in the cylinder

came later.

The raw measurements are processed as described in Chapter 3 to obtain the rhe-

ological measurements.

5.3 Flow curve

Mean rheology is investigated and compared to literature by plotting a flow curve,

Figure 5.1: a plot of stress against strain rate. For each run in the dataset, the average

stress is plotted against the average strain rate. Error bars are used to indicate the

uncertainty Sections 3.4.4 and 3.5.5 in both. For a Newtonian material the flow curve

should show a straight line through the origin with the gradient being the viscosity.

Deviation from this shows eccentricity in the measurements due to machine error.

Table 5.2: Expected viscosities of materials used in this chapter. Calculated using

Equation (4.3): empirical correlations of Cheng [1]. Temperatures used in the calcula-

tion are average temperatures measured during shear runs of each material.

Material Temperature T/◦C Viscosity μ/P s

G0999 19.3 1.41

G95:W05 17.55 0.60

G85:W15 18.43 0.12

The viscosity of glycerol-water mixtures is dependent on the temperature. Temper-

ature is not controlled throughout the runs, but measured. Average temperatures and

viscosities (from tabulated data) are shown on Table 5.2.

On the flow curve, Figure 5.1, the expected viscosity (calculated using the method

set out in Section 4.2.1) is plotted alongside the gathered data. This is to provide a
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Figure 5.1: Plot of stress against strain rate for Newtonian test fluids. Faint dashed

lines show the expected viscosities from Table 5.2. Each point is a over a 3 min run

of the material in the rheometer at a specific supply voltage. The legend names both

the material, and the combination of gearbox and motor used (“ORIG”, “THIRD”, or

“FOURTH”, see Table 3.4). Error bars indicate measurement error, see Sections 3.4.4

and 3.5.5.

reference to which the data can be compared. Looking at the plot, it can be seen that

there is good agreement of the measured data with the expectation for G0999 (for

the most part) and G85:W15 fluids: the expected viscosity lines are generally within

the uncertainty bars on the plot.

This is not the case for the middling fluid, G95:W05, and for some measures of

G0999. G95:W05 is, on average, in line with expectation. However it has split into

two sub-lines: one above and one below. This suggests not a fault with the fitting

or calibration procedure, but perhaps a mis-step in the preparation of the fluids. It

is discussed in Section 4.2.1 that these solutions’ viscosity have a high sensitivity

to water concentration. While every care was taken to ensure the solutions were

kept away from possible sources of water intrusion, even a decigram of water would

noticeably affect the viscosity of 1kg of G95:W05: a 0.1g increase in water content

of a 1kg mixture of glycerol and water results in a viscosity drop of 5.13 × 10−4 P s
— a 16% drop in viscosity for only a 1% change in composition (calculated using

Equation 4.3 [1]). G0999 is presenting in some runs to have the same viscosity as

that of G95:W05, suggesting a drop in concentration to 95wt% from 99.99wt%— an

increase of ∼ 50g in a ∼ 1kg sample of glycerol. While some water may intrude from

the atmosphere, it is unlikely to be on the order of 50g. A more likely cause of this

is due to friction in the torque transmission — causing an artificial increase in stress

— or a decrease in this case given that the aberrant measurements are lower. This is
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discussed in Section 3.5.5.

5.3.1 Qualitative benchmark

A qualitative benchmark of the custom Couette rheometer’s ability to measure simple

rheology is performed by comparison with a commercial rheometer. A suspension of

cornstarch of very low concentration (10wt% approximately Newtonian fluid) is used

in both rheometers. The suspension used in both machines was prepared in the same

manner. The commercial rheometer data was recorded by another member of the

author’s lab (Aditi Mukhopadhyay [2]) and is reproduced with permission here. The

DHR data is a result of five repeated runs of CS10:(G85:W15), both sweeping up in

stress and back down. The CCR (custom Couette rheometer) data are collected as

described in Section 4.3. The data from both CCR and DHR are plotted as a flow curve

on Figure 5.2.
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Figure 5.2: 10wt% Cornstarch in glycerol and water suspension (CS10:(G85:W15))

flow curve recorded using the custom rheometer (orange circles) and for a commercial

rheometer (TA Discovery HR-2, solid blue lines). Data courtesy of another researcher

in the author’s lab, Aditi Mukhopadhyay [2]. Newtonian guide lines are provided to

guide the eye.

The flow curve on Figure 5.2, compares the custom rheometer and a commercial

rheometer — a TA DHR-3. The measurements taken with the custom rheometer are

close to the DHR measurements, but are slightly off. This is likely due to differences

in temperature — the DHR experiments were run at 20◦C while the CCR data were
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collected at 16◦C. The amount of scatter varies between the two rheometers starkly.

The CCR shows a fair amount of scatter, while the DHR shows little scatter. However

this is to be expected in a commercial machine as compared to a custom (hand-

made) machine. As will be shown, however, the advantages of the custom machine

are its ability to take dynamic measurements (Section 5.4 and Section 5.6) and to

inter-operate with custom sensors (the Piezoelectric Needle Device — Section 5.7).

5.4 Timeseries

The behaviour of the custom rheometer through time is assessed by looking at how

it reports the rheology of a Newtonian fluid in a timeseries. A Newtonian fluid has a

viscosity that is constant with respect to strain rate, and this should be seen on the

timeseries: each measurement should have a constant value, ideally. However, this is

not practicable. Each signal will have noise, so a more realistic expectation is for each

of stress and strain rate to fluctuate around a mean value.

Possible sources of noise are discussed in detail in Chapter 3. Briefly, noise enters

into into the measurement due mainly to electrical fluctuation, but also due to tem-

perature fluctuation and construction eccentricity. Uncertainty analysis performed in

Chapter 3 gives an idea of what range of fluctuation should be expected. The strain

rate measurement can be expected to fluctuate ± 12% (Section 3.4.4), stress ± 42%
(Section 3.5.5), and viscosity ± 54% (combination of stress and strain rate uncertain-

ties).

Runs of G0999 are plotted on Figure 5.3, showing how each of the main measure-

ments (strain rate, stress, and viscosity) vary over time. Looking at the leftmost strain

rate timeseries first, we notice an expected fluctuation of approximately 15%. Both

the absolute and relative magnitude of the fluctuation decreases as the magnitude

of the strain rate increases: to approximately 11% in the second strain rate time-

series and 10% in the third. The highest rate series has the lowest fluctuation range

of around 8%. This reduction in fluctuation as strain rate (and also rotation rate) is

due to the increase in number of optical encoder events: the more events happen

the more precise (less fluctuating) the dynamic speed measurement is. This effect is

discussed for all measurements in more detail in Section 5.5. Other features of the

strain rate series can be seen are the sudden peaks — a form of noise due to electrical

interference and too many encoder events happening in a short span of time. There

are also “fatter” patches of the strain rate series (somewhat resembling the saddle
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of an earthworm) which is also potentially a artefact of electrical interference. It is

possible that the signals are being affected by another device in use in the lab on the

same power circuit causing periodic interference. In general, the strain rate series is

flat, with a constant mean value as expected.
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Figure 5.3: Timeseries for runs of G0999 in the custom rheometer at four motor

duty cycles, setting four different strain rates. Viscosity timeseries have alongside

the measured value (blue solid lines), the expected viscosity (orange dashed lines) for

the material using the measured temperature and the relation of [1]. Note the slight

downward trend which is expected to be due to a small increase in temperature. Green

line shows viscosity drop due to viscous heating effect — described in Appendix E.

Next, looking at the four stress series, a common feature of the stress runs can

be seen: the relatively low-frequency oscillation. This is a by-product of mechanical

imperfections, especially in construction of the bearing and con-centring of the cylin-

ders in the shear-cell. The same large peaks are seen in the stress series as in the

strain rate series, further evidence that the origin of the peaks are electrical and not a

mechanical sensor fault. Also mirrored are the earthworm saddle-like bumps — again

seeming to support the hypothesis that the origin of this interference is electrical as

the electrical circuit is common ground for both sensors; if a spike in electrical signal

affects one sensor, it is likely to affect the other. The precise mirroring of the spikes

and saddles between the two sensors indicate an origin common to both, with an

electrical source being most likely.

Finally, the viscosity series contain the same features of its constituents. Generally,
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there is a downward lilt to the viscosity over time (in the first and last series). In

the latter, there is a similar decrease in the expected viscosity indicating there may

have been an increase in temperature – possibly due to the effect of shear-heating

(described in Appendix E). The estimated viscosity drop due to this heating effect is

shown on Figure 5.3 in green. The estimated viscosity drop mirrors the observed drop,

albeit with an offset in value.

5.5 Signal and Noise

To analyse the consistency of measurement — to see if there is a change in mea-

surement “quality” over a number of logs — estimates of noise can be plotted against

measurement (stress, strain rate) magnitude. This will show any trends in measure-

ment noise. For both stress and strain rate measurements, there is an expected rel-

ative increase in fluctuation magnitude with decrease in signal magnitude. For the

stress measurement, this is due to the decrease in signal to noise ratio in reading

measurements from the loadcell — the signal becomes lost in the electrical noise. For

strain rate measurement, the increase in noise with lower magnitude is expected as

there are fewer rotations per unit of time at low rate which means there are fewer

“ticks” of the optical encoder and therefore an increase in measurement scatter

Scatter plots of Percentage Relative Standard Deviation (PRSD) against strain rate

and stress are shown on Figure 5.4. In line with expectation the stress noise shows a

noise increase as magnitude decreases. The loadcell used in this dataset is the larger

of the two used in this Thesis (rated up to 5kg load — minimum of ∼ 20P). (Measure-
ment span and minimum possible measurements are discussed in Section 3.5.) The

PRSD is acceptably low above the minimum of 20P: PRSD below 10%. The strain

rate shows an unexpectedly stable PRSD — almost constant at ∼ 4%.
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Figure 5.4: Scatter of Percentage Relative Standard Deviation (PRSD) against (a)

strain rate and (b) stress for the dataset of Newtonian runs.

5.6 Fourier Analysis

5.6.1 Fourier Transform

By applying the Fourier transform to the time-domain signal, constituent frequencies

and their power are shown. This is useful for finding more information about which

frequencies are more impactful on the signal. For example, an electrical signal with

large interference from a poorly shielded AC transformer will have a peak at 50Hz on

the Fourier transform.

Mechanical error due to construction or off-centre cylinder placement should show

up as having a frequency with the rate of rotation. Integer multiples of this value may

also show up in the FT.

As mentioned, electrical noise due to interference from the AC power supply will

show a peak at around 50Hz. Other electrical noise due to thermal fluctuation will

show low-power across all frequencies. This would be most likely to prevail in the

stress signal, however the sampling rate of the stress, limited by the ADC (analogue-

to-digital converter), is not sufficient, topping out at frequencies of ∼ 10Hz (discussed
in Section 3.5).

The time-FT of the strain rate and stress measurements for runs ofG0999, G95:W05,

and G85:W15 are shown on Figure 5.5. It is difficult to pick out any obvious features

of the spectra; there are no consistently active frequencies — this is expected for

measures of a simple Newtonian fluid.

It is useful to perform the Fourier transform on a measurement with respect to

spatial position, instead of time. This is advantageous as it makes rationalising logs
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Figure 5.5: Time-FT of stress for runs of G0999, G95:W05, and G85:W15. FT

heatmap is constructed as outlined in Section 4.4.3. No pattern is noticeable in the FT

spectra.

from runs at different rates easier to compare — a single rotation is at the same point

for all runs. This spatial-FT is plotted for the same stress measurements as Figure 5.5

on Figure 5.6.
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Figure 5.6: Spatial-FT of stress for runs of G0999, G95:W05, and G85:W15. FT

heatmap is constructed as outlined in Section 4.4.3. No pattern is obvious in the sFT

spectra.

With respect to angular position, the Fourier analysis is easier to compare. With

the rotation peak fixed at 1 rot−1, there is a fixed reference frame. Going from left
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to right, increasing rate, if any peaks were increasing or decreasing in frequency we

could see it as they move towards or away from the unity line. This doesn’t provide

more information than the ordinary time-frequency Fourier transform, but frames the

information nicely, aiding in the recognition of underlying patterns. As in the tFT, the

spatial-FT shows no obvious active frequencies.

5.7 PND Measurements

5.7.1 Timeseries

The measurements made by the novel sensor, the Piezoelectric Needle Device or PND,

need a baseline before being used in complex fluid rheometry. Timeseries of the PND

voltage over time can be looked at it to get a feel for the dynamics revealed by the

sensor. For this dataset, Newtonian fluids, the expectation is that the PND will not

show anything interesting. The voltage should fluctuate around a mean of zero, but

no peaks should be seen which would indicate something interesting, rheologically

speaking, is happening.

The PND voltage from the four G0999 logs investigated throughout this chapter

are shown on Figure 5.7. This shows the voltage hovering around zero, as expected

for all four runs. Further, this shows an increase in noise magnitude as the rotation

rate (duty cycle) increases.
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Figure 5.7: Timeseries of PND value.
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5.7.2 Fourier Transform

The Fourier transform of PND measurements highlights frequencies and therefore pos-

sible sources of noise and shows how these are affected by duty cycle, and stress. As

with any electrical measurement involving analogue to digital conversion, a peak at

50Hz due to interference from AC mains supply [3], [4]. Also expected is a possible

peak at the rotation frequency, due to mechanical eccentricity resulting in surface

waves hitting the needle.

The Fourier transform of the four runs of glycerol presented previously are plotted

on Figure 5.8. The FT shows none of the expected features. There is a consistent peak

at around 70–80Hz. This peak increases in magnitude going from low to high duty

cycle and is likely the cause of the bulk of noise in the timeseries. Interestingly, this

frequency does not shift right as rate increases — it only increases in magnitude. Due

to the nature of the piezoelectric disk as, essentially, a microphone, it is possible this

noise is in fact the sound of the motor being picked up. However, the low frequency

makes this unlikely to be sound, and most likely to be vibration transmitted through

the structure of the rheometer. The frequency does not change with motor DC (or

rotation rate) making vibration (occurring due to the rotation of the motor) less likely,

unless attenuated by the structural materials themselves (clamp stands) to a charac-

teristic frequency (the material’s “natural frequency”). The clamp stand forming the

basis of the custom rheometer’s structure can be approximated as a cantilever with

load on one end; for which the natural frequency is estimable from [5]

ƒn ≈ 1.732

2π

√√√ E
m3

(5.1)

where E ≈ 200GP is the Young’s modulus of steel,  = 490mm4 is the area moment

of inertia for a 10mm diameter rod, m = 0.5kg is the mass of the motor and other

structure suspended on the end of the bar, and  = 150mm is the length of the rod.

These numbers describe an approximation of the structure only. The resulting natural

frequency is ∼ 150Hz— on the order of that seen in the measurements. More in depth

analysis into the features of the PND measurement are given in Chapter 7.
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Figure 5.8: Time-frequency Fourier transform of PND value.

5.8 Conclusions

In this chapter the ability of the rheometer to report mean-rheological data for Newto-

nian fluids has been investigated through a flow curve plot constructed of many data

points each the mean-average of a 3-5 minute run of the relevant fluid. This curve is

compared to tabulated data from literature. Low-water-content solutions of glycerol

and water (G95:W05) were shown to be poorly fit to expectation — likely due to error

in preparing the sample, very easy due to the high sensitivity of the viscosity to water

content.

Dynamic, real-time, reporting of rheological properties is important for a rheome-

ter used in the investigation of fluctuations in dense suspensions and is assessed for

Newtonian fluids first by reporting typical timeseries plots of the main rheological prop-

erties (strain rate, stress, and viscosity) for a sample of glycerol (G0999) and latterly

by reporting the Fourier transform of the same timeseries plots. Through these anal-

yses it was seen that the rheometer works as expected for Newtonian fluids yielding

flat viscosity curves — with a downward trend due to shear heating which is measured

and within expectation.

Further dynamic analyses is provided by investigation of the measurements of the

novel sensor, the PND. PND output is plotted as a timeseries and as a Fourier transform
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of same. This showed a characteristic 70–80Hz noise, seemingly due to the vibration

of the motor, present in both plots. This seeks to provide a baseline characteristic for

PND measurements to which future analyses can be compared.
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6. Complex Rheometry

6.1 Overview

Rheometry is used in complex fluid analysis to observe behaviours such as shear

thinning and shear thickening. The latter effect is most characteristic of suspensions

such as cornstarch and (glycerol and) water. In this chapter, the custom rheometer

will be used to study shear thickening fluids. These measurements will be fit to the

popular Wyart-Cates model [1], [2]. From which, a phase diagram for the system will

be drawn and will be used to inform investigation of flow instability in Chapter 7.

The chapter will begin with a description, in Section 6.2, of the dataset used in this

chapter; the fluids used and their place within the WC framework. This is followed by

mean rheology investigation by flow curve in Section 6.3. This is followed by some ini-

tial dynamic analysis in Section 6.3 and qualitative benchmarking of the custom Cou-

ette rheometer as compared to a commercially available rheometer in Section 6.3.1.

Noise trends are unveiled in Section 6.6, followed by more in-depth dynamic analysis

in Section 6.7.

6.2 Experimental Details

The data collected for this chapter are summarised briefly in Table 6.1. Runs of corn-

starch suspension, following the generic loading procedure laid out in Section 4.3.1,

at low to high rate — encompassing thickening behaviour and probable rheological

instability. Discussion of the latter is saved for Chapter 7. Rate is set by motor duty

cycle (DC), from 20% up to 100% in steps of 16%. The collected data forms a dataset

comprised of 417 runs of cornstarch suspended in glycerol-water with 8 compositions

ranging from 10wt% up to 44wt%. These runs total 13.3 hours and 96,564 rotations of

the shear cell — over the course of 3–5 minute individual runs. The WC phase diagram

(Figure 6.1) shows the expected behaviour for the runs of each material at different
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Table 6.1: Summary of dataset including indication of behaviour as predicted by

Wyart-Cates model (see Figure 6.1): CST — continuous shear thickening, dst — dis-

continuous shear thickening including potential unstable flow, whereas (shear) jam-

ming is the phenomenon in which the suspension becomes solid-like under shear.

This predicted behaviour is very approximate and relies on accuracy of WC fit to ex-

perimental data: see Section 6.3 for WC fit appraisal.

Material Run Count Strain Rate Range WC Behaviour

CS30:(G85:W15) 38 1s−1 to 180.1s−1 CST only

CS35:(G85:W15) 19 1s−1 to 168.2s−1 CST only

CS38:(G85:W15) 19 0.9s−1 to 5.9s−1 CST only

CS40:(G85:W15) 119 1s−1 to 149.8s−1 CST only

CS41:(G85:W15) 20 0.9s−1 to 5.9s−1 CST only

CS42:(G85:W15) 97 0.9s−1 to 130.5s−1 CST only

CS43:(G85:W15) 20 1s−1 to 6s−1 dst, no jamming

CS44:(G85:W15) 31 1s−1 to 99.2s−1 dst, no jamming

measured stress. According to the phase diagram, the majority of the runs performed

are in the continuous shear thickening regime (unshaded area on diagram). The two

highest concentrations (CS43:(G85:W15) and CS44:(G85:W15)) encroach upon the

discontinuous regions. It is in this region that unstable flow is expected to be seen.
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Figure 6.1: Phase diagram: plot of stress against composition for runs of cornstarch

suspension. Shaded areas indicate expected rheological behaviour: green for discon-

tinuous shear thickening and orange for shear jammed. Phase diagram construction

and equations described in detail in Section 2.4; fitting of experimental parameters is

described in Section 4.2.2. Note difficulty in performing fit (discussed in Section 4.2.2):

actual suspension behaviour may not match prediction. WC parameter values used in

this plot are the values obtained for the CCR, shown on Table 4.3.

6.3 Flow curve

The flow curve shown on Figure 6.2 shows the mean behaviour for this dataset. The

expected behaviour for a suspension of cornstarch when sheared depends on its

concentration. A dilute suspension when sheared will have a Newtonian viscosity

slightly higher than the solvent viscosity (Estimable using Einstein’s viscosity law

Equation (2.2)). As concentration increases, the relationship between stress and

strain becomes muddied. Applying the Wyart-Cates framework, reveals a link be-

tween stress and strain rate mediated by a probability of frictional contacts. By fitting

this framework to this dataset, we can infer rheological properties such as the onset

stress and compare to other works. This will further assess the effectiveness of the

custom rheometer. Fitting procedure was described in Section 4.2.2.

The data plotted on Figure 6.2 are mean points of stress plotted against mean strain

rate for all runs of cornstarch suspension. These show shear thickening behaviour —

characterised by the steepening gradient which returns to linear after the suspen-

sion is fully thickened (fully frictional flow, ƒ = 1 in WC theory). Additionally, the WC

model gives context for the behaviour which might be expected for these suspensions.
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Figure 6.2: Flow curve plot. Scatter plot of mean stress and strain rate for runs of

cornstarch suspensions. Error bars indicate measurement error, see Sections 3.4.4

and 3.5.5. Faint dashed lines indicate gradient of unity (Newtonian behaviour).

Coloured lines indicate WC model fit to the data points: Equations 2.1, 2.4, 2.5, and

2.7 combined to give stress as a function of strain rate and the WC fit parameters (WC

fitting procedure described in Section 4.2.2). For a comparison of the CCR measure-

ments with a commercial rheometer see Figure 6.3.

The shallow steepening of CS30:(G85:W15), and CS35:(G85:W15) shows a weaker

increase in viscosity with strain rate. The higher gradients of CS38:(G85:W15),

CS40:(G85:W15), and CS41:(G85:W15), show a stronger thickening effect. Then,

from CS42:(G85:W15) and above, the flow-curve starts to become s-shaped, and

dst could be observed. It is important to note the difficulties in the fitting procedure

discussed in Section 4.2.2; these predicted behaviours may not be accurate for real

cornstarch suspensions.

6.3.1 Rheometer benchmark

In order to gauge, qualitatively, how well the custom Couette rheometer works in

comparison to a commercial rheometer, data from both are presented on Figure 6.3.

In the experiments in the commercial rheometer, the suspensions were prepared

according to the procedure as laid out in Section 4.2.2. The suspensions were then

loaded 500μl at a time onto the DHR, between the 40mm Peltier plates (temperature

controlled to 20 ◦C). The top plate is spun to shear the suspension, in two runs. The

rheometer is run in stress-controlled mode. One run ‘up’ (increasing stress) and an-

other ‘down’ (decreasing stress). The stress set points are geometrically spaced from
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0.1P up to 1000P. These runs can be seen as coloured lines on Figure 6.3.
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Figure 6.3: Cornstarch in glycerol and water suspension flow curves for a variety

of materials (see legend) recorded using the custom rheometer (circles) and for a

commercial rheometer (TA Discovery HR-2, solid lines). Data courtesy of Dr. Jose

Ruiz-Lopez (formerly of the author’s lab, now at the Basque Center for Applied Math-

ematics). Newtonian guide lines are provided to guide the eye. For a comparison of

the CCR measurements with Wyart-Cates theory see Figure 6.2.

At high strain rate (γ̇ > 10s−1), the commercial data presented on Figure 6.3 seem

to align with the custom rheometer’s measurements. For the higher compositions, ex-

trapolation along the Newtonian guide lines is necessary, but the alignment between

measurements can still be seen. There is a discrepancy between the methods in the

complex regime at lower rates. This could be explained by the difference in geome-

tries — the DHR being a parallel plate rheometer in contrast to the Couette cell in the

custom rheometer.

6.4 Viscosity plot

Mean behaviour of the thickening fluids investigated in this chapter is further anal-

ysed by plotted mean viscosity measurements against strain rate. The viscosity of the

fluids should increase with strain rate, to a point, after which (in the WC framework)

the fraction of frictional contacts is saturated and the fluid cannot thicken further

resulting in a second Newtonian regime. At very high concentration ( > 0.4) the

suspension may jam which should present as a very large viscosity but in reality may
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result in a yielded or broken jam. Other possibilities are a lower viscosity due to dila-

tion and shear (gradient) banding causing the formation of a low-density band within

the Couette cell [3].
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Figure 6.4: Mean viscosity measurements plotted against strain rate, split for clarity

into two plots: (a) low and (b) high strain rate. Dotted lines are power law fits to

the measurements — included to emphasise the general trends in the measurements.

Power law fits chosen to better fit the data. Wyart-Cates predictions of viscosity are

shown on the solid lines. Each point is a result of averaging across many measure-

ments at that strain rate. Error bars indicate standard deviation between these mea-

surements.

Mean viscosity is plotted against mean measurements of strain rate on Figure 6.4.

This plot is split into two parts: a low-rate part on Figure 6.4a and a high-rate part on

Figure 6.4b. This is to show the detail in both parts, otherwise the range of viscosities

involved in the high-rate part overshadows the low-rate part.

The low-rate plot (Figure 6.4a) shows the simple shear thickening expected for

thickening suspensions for the higher concentration experiments (CS40:(G85:W15),

CS41:(G85:W15), CS42:(G85:W15), CS43:(G85:W15), and CS44:(G85:W15)).

For the lower concentration lines however no thickening is seen: in fact, it seems

the fluid is thinning.

The high-rate plot (Figure 6.4b) has a much less clear-cut description. The lowest

concentrations, CS30:(G85:W15) and CS35:(G85:W15), are maintaining a nearly-
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Newtonian behaviour. The higher three concentrations (CS40:(G85:W15), CS42:(G85:W15),

and CS44:(G85:W15)) all show large variability in measurements. The average

trend of this data indicates a thinning regime coming down from a high viscosity

(μ > 30Ps).

For both the high- and low-rate plots on Figure 6.4 a Wyart-Cates viscosity predic-

tion is included. The viscosity prediction at low rate is closer to measured viscosity

than at high rate, likely arising from the difficulty in performing the fit, discussed in

Section 4.2.2.

Thinning in dense suspensions at higher stresses has been seen as a side effect of

migration: liquid migration [3], [4] describes the movement of fluid towards a highly

sheared region of the suspension as it dilates. In a Couette cell, this could create a

high density (and high viscosity) jammed area by the fixed outer cylinder wall. The

fluid from this section would then have migrated into the area close to the moving

cylinder; this region has dilated and lowered its particle concentration∗. Calculation

of the size of the low- and high-rate bands is conducted in Appendix H. Band position

rB was calculated for a few selected runs in the CCR — runs chosen were within the

green dst region on Figure 6.1 and so are expected to have dilated.

The calculation was performed once with the set of Wyart Cates parameters found

after fitting to data recorded by the CCR, and to data recorded by the commercial DHR

(TA Discovery HR-3) — parameters presented on Table 4.2. The four exemplified runs

are of two concentrations (CS44:(G85:W15) and CS45:(G85:W15), with approxi-

mate volume fractions φ of 0.44 and 0.45 — see Figure 4.6) with stresses between

2.9P–3.8P. The results are summarised on Table 6.2 for CCR WC parameters, and

on Table 6.3 for DHR WC parameters. Both sets of parameters are presented on Ta-

ble 4.2. The percentages are jammed region size with respect to the Couette gap

size. There are two strain rates that can be defined: the nominal strain rate is where

the velocity difference is realised across the entire gap, and estimated actual strain

rate where the velocity difference is realised across the dilated region (no velocity in

the shear jammed region). A “measured viscosity” can then be defined as the ratio

between the shear stress (assumed uniform in a narrow gap approximation) and the

nominal strain rate. An estimate of the dilated region viscosity can be defined as the

∗This is not the only scenario that can be envisaged. As well as the inner cylinder region ordinarily being

highly sheared, it also has higher shear stress, moving it closer to the jammed region in the phase diagram.

Thus jamming might occur instead near the inner cylinder, and dilation might occur near the outer cylinder.

At which cylinder jamming or dilation occurs therefore remains an open question
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Table 6.2: Shear band sizes rB for several runs in the CCR. Calculation described in

Appendix H and performed using CCR WC fit parameters (see Table 4.2). For compari-

son, the inner cylinder radius is 0.01505m and the outer cylinder radius is 0.01975m.

Numbers in parentheses are size of the low-rate and thickened band expressed as a

percentage of gap.

Volume Stress Measured Shear Band Band Band Volume

Fraction Viscosity Location (CCR) Viscosity Fraction

φ σ μ rB μB φB

0.44 2.981P 2.561Ps 0.01962m (3%) 2.524Ps 0.433

0.44 3.501P 2.969Ps 0.01965m (2%) 2.949Ps 0.434

0.45 3.567P 3.386Ps 0.01930m (10%) 3.062Ps 0.434

0.45 3.751P 3.225Ps 0.01927m (10%) 2.959Ps 0.436

ratio between the shear stress and the aforementioned estimate of the actual strain

rate. The latter viscosity value is always smaller than the former, because (for speci-

fied stress) the latter is based on a smaller thickness and hence on a larger estimate

of the strain rate.

The different sets of estimated parameters result in very different estimates of how

much of the gap is jammed. The CCR WC parameters result in jammed region sizes up

to 10% of the gap while the DHR results in jammed region sizes up to 100% of the gap

(meaning the suspension is fully jammed). (WC parameter sets are given in Table 4.3

and corresponding phase diagrams are shown on Figure 4.9.) Correspondingly, there

are very different viscosities predicted for the dilated band. The CCR parameters

(Table 6.2) result in shear thinning in the dilated band for the correspondingly small

jammed band.

The DHR (Table 6.3) parameters predict in shear jamming with a jammed band

nearly completely encompassing the gap. Despite this predicted complete jamming,

the system still shears and so the (dilated band viscosity is estimated to be very low.

The parameters used for this calculation were fit to data from the DHR, a parallel plate

rheometer: the differing geometry may go some way to explain the differences in

behaviour. Moreover, there were the issues faced in fitting the parameters: discussed

in Section 4.2.2.
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Table 6.3: Shear band sizes rB for several runs in the CCR. Calculation described in

Appendix H and performed using commercial DHR (TA Discovery HR 3) WC fit param-

eters (see Table 4.2). For comparison, the inner cylinder radius is 0.01505m and the

outer cylinder radius is 0.01975m. Numbers in parentheses are size of the low-rate

and thickened band expressed as a percentage of gap.

Volume Stress Measured Shear Band Band Band Volume

Fraction Viscosity Location (DHR) Viscosity Fraction

φ σ μ rB μB φB

0.44 2.981P 2.561Ps 0.01756m (47%) 1.388Ps 0.425

0.44 3.501P 2.969Ps 0.01799m (37%) 1.889Ps 0.430

0.45 3.567P 3.386Ps 0.01515m (98%) 0.074Ps 0.431

0.45 3.751P 3.225Ps 0.01503m (100%) Jammed 0.432

6.5 Timeseries
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Figure 6.5: Typical timeseries plots of strain rate, stress, and viscosity for

CS30:(G85:W15).

Timeseries plots for rheological properties are shown on Figure 6.5 for a typical

subset of the dataset for CS30:(G85:W15). These plots increase in duty cycle from
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left to right and thus also strain rate. This particular cross section of the runs of

CS30:(G85:W15) has a lowest stress of ∼ 30P, far above the system’s onset stress

of σ⋆ ≈ 1–10P. Due to this, the system should in fact be seen to have a constant

viscosity — an expectation which is indeed shown on the plot, and consistent with that

seem on Figure 6.4b. Similar features are seen on these timeseries as previously seen

in Section 5.4: fluctuation about a mean, sudden peaks, and “saddling” (earthworm-

like bulging) — taken to be an effect of electrical interference.

6.6 Signal and Noise

The noise present in a measurement is estimated by calculating the PRSD (per-

centage relative standard deviation). Comparing the PRSD in a measurement with

the magnitude shows trends in fluctuation. In the Newtonian system discussed in

Section 5.5, PRSD for stress measurements should increase for lower value measure-

ments. Strain rate measurements were initially thought to follow a similar path, but

found instead in Section 5.5 to be consistent across all values of rate.

PRSD plots are shown on Figure 6.6. Figure 6.6b shows the same increased PRSD for

low stress values as expected, and as seen previously for Newtonian measurements.

However, the strain rate PRSD shows a deviation from that seen in Section 5.5: there

is a slight increase in PRSD at lower rate — in-line with the original expectation due to

low rotation rate (see Section 3.4).

Due to the Newtonian result, it is presumable that the increase in PRSD is not a

property of the sensor itself but an effect of the fluid — indicating perhaps the pres-

ence of the unstable flows described in Section 2.3.6. Looking at the phase diagram,

Figure 6.1, flow instabilities are expected for runs which impinge on the green “dst”

region. Fluctuation should therefore be seen at the low-middle stresses producible by

the custom rheometer, shown on Figure 6.6 as pink and grey circles. It should be

noted that higher stresses could be developed by the rheometer here. These fluctua-

tions are investigated in detail in Chapter 7.
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Figure 6.6: Plots of PRSD against (a) strain rate, and (b) stress.

6.7 Fourier Analysis

Fourier transforms (time-FTs) are shown on Figure 6.7. The FTs have only a few

active modes in which a pattern can be seen. At low frequency, ω < 0.1Hz, there is

a wide mode increasing with rate for CS40:(G85:W15) and CS42:(G85:W15) — but

not noticeable in other materials. In the middle frequencies, 0.3Hz < ω < 1Hz there

are several different peaks. It is difficult to discern if these peaks vary with rotation

rate from this plot. Finally, there is a set of active modes/peaks at the high end of the

frequency range, ω > 3Hz, increasing in rotation rate.

As the first and last set of modes increases with rotation rate (bright colour moving

right as rate increases moving downward on Figure 6.7), these are both likely related to

a mechanical noise introduced to the system, the higher frequency is likely due to the
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Figure 6.7: Time-FT of stress measurements of cornstarch suspensions. Plots are

constructed as outlined in Section 4.4.3. Within each band of a material, delineated

by the red lines, each horizontal line of pixels represents a run of the material at a

motor duty cycle setpoint (see Section 6.2), which increases within the band from top

to bottom.

small bumps or grooves in the 3D printed bearing. The low frequency noise however

is only present in a few runs but is consistently in those runs (CS40:(G85:W15) and

CS42:(G85:W15)). This suggests it is related to the fluid — perhaps an interaction of

a slightly off-centre cylinder (see Section 4.3.2).

Fourier transforming instead with respect to angular position and not to time yields

the spatial-FT plotted on Figure 6.8. On this plot, the rotation rate effects seen on

the previous tFT plot can be confirmed: a vertical line on the sFT shows that the

oscillations occur the same number of times in a given rotation (i.e. at some multiple

of the rate of rotation). The low frequency modes seen for CS40:(G85:W15) and

CS42:(G85:W15) prior are seen again here. The scatter of active modes in the mid

frequencies presents as a set of lines at spatial frequencies of integer values — at

multiples of the (temporal) rotation rate. This further supports the theory that it is due

to mechanical fault in the bearing, although it could also be explained by an off-centre

inner cylinder. A strong oscillation at a frequency will present, on a Fourier transform,

as a set of peaks at integer multiples — the effect seen here.
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Figure 6.8: Spatial-FT of stress measurements of cornstarch suspensions. Plots are

constructed as outlined in Section 4.4.3. Within each band of a material, delineated by

the red lines, each horizontal line of pixels represents a run of the material at a motor

DC setpoint (see Section 6.2), which increases within the band from top to bottom.

Due to the poor overlap of the frequencies (in turn due to the wide range of rotation

rates) the ends of the runs are included resulting in the blank spaces on the ends of

the heatmap.

6.8 Conclusions

In this chapter, shear thickening behaviour of suspensions of cornstarch in glycerol-

water are investigated. The WC phase diagram presented in Section 6.2 sets the tone

for the dataset: showing what behaviours are expected for each run. Mean-rheometry

in Section 6.3 showed the thickening behaviour expected for these suspensions. The

WC model was fit to this flow curve, which was used in plotting the phase diagram.

Features observed in the data are then described in the context of the WC phase

diagram (where fluid is in one of the continuous, discontinuous, or jammed regimes).

Typical data were exemplified in timeseries form to gain a feel for the features and

phenomena measured by the custom rheometer for these fluids.

Fourier analysis was used to aid in identifying sources of noise/fluctuation in mea-

surements. These plots also set a baseline to which results in the following chapter

are compared.
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7. Local Rheometry

“Nothing happens until something moves.”

Albert Einstein

7.1 Overview

In this chapter the dynamic rheology of cornstarch suspensions will be assessed both

using global rheometry and using local measurements from the Piezoelectric Needle

Device (PND) — the bespoke local stress sensor based around a needle inserted into

the surface of the fluid (Section 3.8).

This chapter begins with a description of the dataset in focus in Section 7.2, describ-

ing expected behaviour by fit to WC theory shown on the phase diagram. Then the

timeseries (Section 7.3) will be shown for typical runs of materials in different points

on the phase diagram to provide a qualitative idea of the differences in dynamics.

These differing dynamics are more quantitatively investigated in Section 7.4 in which

the time and space frequency spectra are displayed. PND voltage measurements are

investigated in Section 7.5. Analysis of the peaks in PND measurements is given in

Section 7.6. A description of some anomalous measurements is given in Section 7.7.

Finally, a summary of the findings are then given in Section 7.8.

7.2 Experimental Details

The dataset for this chapter encompasses 358 individual runs of cornstarch suspen-

sions, totalling approximately 16.3 hours of total run time and 11,924 rotations of

the shear cell, summarised on Table 7.1. The dataset includes 9 compositions from

CS30:(G85:W15) up to CS45:(G85:W15). The range of strain rates (approximately
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Table 7.1: Summary of dataset

Material Sub-set Contents Strain rate Range

CS30:(G85:W15) 60 logs From 1s−1 to 6s−1

CS35:(G85:W15) 40 logs From 1s−1 to 5.9s−1

CS38:(G85:W15) 39 logs From 0.9s−1 to 6s−1

CS40:(G85:W15) 40 logs From 0.9s−1 to 5.9s−1

CS41:(G85:W15) 40 logs From 0.9s−1 to 5.9s−1

CS42:(G85:W15) 39 logs From 0.9s−1 to 5.9s−1

CS43:(G85:W15) 40 logs From 1s−1 to 6s−1

CS44:(G85:W15) 40 logs From 1s−1 to 5.9s−1

CS45:(G85:W15) 20 logs From 1.1s−1 to 5.9s−1

between 1s−1 and 10s−1) were chosen to cover a range of stresses around the onset

stress, around 5–10P, see Sections 2.3.3 and 4.2.2. Note the difficulties in estimating

onset stress by fitting data to the Wyart Cates model hence the decade-wide strain

rate range).

The entire dataset is plotted in the form of a phase diagram on Figure 7.1: mea-

sured stresses in each run of suspension are plotted against volume fraction (esti-

mated from mass fraction using the method of Han et al [1] (Equation 4.4), described

in Section 4.2.2). Picked out on the figure in solid black circles are three example

runs which will be shown in more detail in Section 7.3. Flow curves for the materials

in the example runs (CS35:(G85:W15), CS40:(G85:W15), and CS43:(G85:W15))

are given in Section 6.3. This is plotted on the backdrop of the WC phase diagram,

providing context for the measurements. From the plot, it could be expected that runs

of cornstarch above CS42:(G85:W15) would experience unstable flow at stresses

approximately between between 2P and 5P. This is not the case — likely due to dif-

ficulties in fitting the WC framework to a polydisperse porous material like cornstarch

(discussed previously in Section 4.2.2 — see Figure 4.9 and Table 4.3). Instead here

the interesting flow phenomena are seem at a lower volume fraction around 40% —

perhaps explained by the effect polydispersity has been seen to have on packings.

As described in Section 2.3.1: an increase in polydispersity changes φRLP (the volume

fraction of Random Loose Packing or RLP) therefore could be expected to change the

volume fraction at which frictional contact affects flow, although an increase in poly-
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Figure 7.1: Phase diagram: plot of stress against composition for runs of cornstarch

suspension. Shaded areas indicate expected rheological behaviour (according to the

WC model): green for discontinuous shear thickening and orange for shear jammed.

Note difficulty in fitting the WC model — see Figure 4.9 and Table 4.3 in Section 4.2.2.

Colour of points indicates material as in legend; symbol type indicates use or oth-

erwise of novel sensor Piezoelectric Needle Device (PND): cross for lack of PND and

empty circle for presence of PND. Phase diagram construction described in detail in

Section 2.4. Solid black circles indicate location of three exemplified points showing

Newtonian (G0999 at σ = 143.2P, off to the left of the plot), CST (CS30:(G85:W15)

at σ = 3.70P), and dst (CS43:(G85:W15) at σ = 40.9P). Faint dashed horizontal

lines show WC parameters; horizontal for onset stress, left vertical for φdst (minimum

volume fraction for dst) and right vertical for φm (minimum volume fraction for jam-

ming). These particular plots are made example of as they show a cross section of

features observed in runs using the device discussed in Section 7.3.

dispersity has been linked to an increase in φRLP, not a decrease [2]. The aspherical

shape of the cornstarch particles may also have an effect on the concentration at

which particles interact [3]. Figure 4.4(c) shows an SEM image of the cornstarch parti-

cles where their shape can be seen to range from polyhedral/approximately spherical

to more elongated shapes.

7.3 Timeseries

Runs of cornstarch were performed, measuring strain rate, stress, and voltage from

the PND. Timeseries of these measurements (and viscosity) a typical set of three runs
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for a dense ( = 42wt%) suspension of cornstarch are shown on Figure 7.2.
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Figure 7.2: Timeseries of strain rate, stress, and PND for a typical set of runs of

cornstarch (CS42:(G85:W15) shown). Orange sections in (a) are magnified in (b).

Sections were chosen to encompass a single PND “event”.

The timeseries show both a long time plot and a magnified segment. The long-time

plots are 3-minute runs in the custom rheometer and show the slow-moving dynamics

of the measurements. All three of the full typical runs (Figure 7.2a) show no apprecia-

ble change in the course of the runs for stress, and viscosity. These two measurements

have a consistent mean. The strain rate shows a more dynamic behaviour: falling in

the first run, rising in the middle two, and jumping slightly in the last one. However,

this change is not significant and is only visible due to the low measurement noise.

The magnified typical runs on Figure 7.2b were chosen to capture a single PND

“event” — a peak. These peaks are regularly spaced, at a frequency increasing with

rotation rate — the peaks occur once per rotation (discussed further in Section 7.6).

Looking at the strain rate timeseries, there are small variations in the measured rate.

Stress has a larger magnitude variation, which then carries through to the viscosity

series. The PND peaks tend to coincide with a high stress value (an effect explored

further in Section 7.5).

The PNDmeasurements have different “quality”, depending on the suspension con-

centration. Lower concentrations ( < 0.4) have a “plain” response, with a lack of

peaks or obvious features other than noise. Higher concentrations ( > 0.4) can

have a wavy response, or a completely flat response like the low concentrations. As

mentioned earlier, there is an interesting response seen around CS40:(G85:W15)

(approximately φ = 0.4). There are large peaks seen in these measurements, typically
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once per rotation.

0.95

1.00

1.05

γ̇
/s
−1

Few spikes
CS35:(G85:W15)

0.9

1.0

Spikes
CS40:(G85:W15)

1.1

1.2

Waves
CS43:(G85:W15)

0

20

σ
/P

a
0

20

0

25

0 100
−0.05

0.00

V
P

N
D
/V

0 100

0.0

0.5

0 100
−0.1

0.0

Time, t/s

(a)

1.020

1.025

γ̇
/s
−1

Few spikes
CS35:(G85:W15)

0.9135

0.9140

Spikes
CS40:(G85:W15)

1.12

1.14

Waves
CS43:(G85:W15)

0.0

2.5

σ
/P

a

10.0

12.5

10

20

0 1

−0.025

0.000

V
P

N
D
/V

0 1
−0.1

0.0

0 2

−0.025

0.000

Time, t/s

(b)

Figure 7.3: Timeseries of strain rate, stress, and PND voltage for a set of three runs

exemplifying three possible states: few spikes (CS35:(G85:W15) at σ = 3.57P),

spiky (CS40:(G85:W15) at σ = 3.63P) and wavy (CS43:(G85:W15) at σ = 3.89P).

Orange sections in (a) are magnified in (b).

In the same manner as Figure 7.2, the timeseries picked out on Figure 7.3 have

magnified sections intended to show the different qualities in the measurements. The

CS35:(G85:W15) plots shown have a characteristically noisy PND response — sitting

generally around 0V but dropping as low as −0.2V very occasionally. In contrast,

CS40:(G85:W15) shows a surprising defined peak at about one peak-per-rotation

(ωr ∼ 0.289rd s−1). These defined peaks disappear going up in concentration further,
turning into waves for CS43:(G85:W15) and disappearing altogether into noise above

this (not shown on the figure).

This transition from noise (not spiky) to peaks (spiky) to waves (not spiky) could

be explained by WC theory. The particles in suspension are closer together as concen-

tration increases and therefore more likely to be in frictional contact. This could result

in the formation of clusters (Section 2.3.3) travelling around the suspension at the

rotation rate. As concentration increases and the unstable region is entered, the fluid

could organise itself into low-density and high-density areas — the low density area

allowing flow to continue — an effect seen in the literature [4], [5]. The waves seen for

CS43:(G85:W15) could be these areas of high density travelling around the cylinder.

Alternatively, it could be a dense (shear banded) region growing and shrinking and

thus moving in and out of contact with the needle.
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7.4 Fourier Analysis

Fourier transformation (FT) of stress measurements shows the dynamic components

of the measurement. The Fourier transforms of the stress signal for every run is plot-

ted as a pair of heat maps on Figure 7.4 with respect to time (time-FT, or tFT), and

to angular position (spatial-FT or sFT). The former shows dynamics which change in

time, and the latter highlights oscillations which occur as the cylinders rotate (chang-

ing angular position). More information on the FT procedure is given in Section 4.4.3.

These stress plots are a dst-focussed subset of the plots previously presented in the

previous chapter (Figures 6.7 and 6.8) — they are dst focussed in that the runs chosen

for these plots have stresses commensurate with the dst region on the WC phase dia-

gram. These plots are presented here to give context for and to facilitate comparison

with PND voltage Fourier transform plots (Figure 7.5).

The lack of consistent vertical lines on the tFT of stress (Figure 7.4a) shows there are

no significant oscillations present in the stress signal at least none which are present

irrespective of rotation rate. However, due to the low sampling rate of stress (see Sec-

tion 3.5.5), this Fourier transformed signal is truncated at a fairly low frequency of 5Hz

and would not show electrical interference around 50Hz or possible higher frequency

noise. From top to bottom the rotation rate of the runs within each composition bracket

(delineated by the red line). Within a 1D horizontal strip for any composition, any rate,

we see short bright lines — indicating peaks on the stress tFT. These peaks move from

left to right as rate increases which indicates they are linked to rotation rate. These

peaks seem to have reflections with diminishing power at integer multiples — indicat-

ing an irregularity in the shape of the oscillation (not able to be approximated nicely

by a sine wave). At low rotation rate, there are fewer peaks at higher frequency. There

is a brighter (higher power) region at low frequency.

The stress sFT shows a strong vertical line at 1 rot−1 — indicating a recurring signal

occurring once every rotation. As seen in the time-based FT are other lines of diminish-

ing power at integer multiples. As the needle was inserted while these measurements

were taken, it is possible that this resulted in the once-per-rotation signal.

The Fourier transform of PND voltage measurements is shown as a pair of heatmaps

on Figure 7.5 with respect to time and angular position. On the time-based FT plot,

Figure 7.5a, there are non-aligned vertical lines indicative of some oscillation related

to the rotation rate, similar to those on the stress FT. However there is also a solid

line at 50Hz — indicating some interference from AC power. There is another set of
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Figure 7.4: Heat map showing Fourier transform of stress for different compositions of

suspension (a) with respect to time, and (b) with respect to angular position. Plots are

constructed as outlined in Section 4.4.3. Within each band of a material, delineated by

the red lines, each horizontal line of pixels represents a run of the material at a motor

DC setpoint, which increases within the band from top to bottom. The data plotted

here are a subset of that shown on Figure 6.7 and Figure 6.8.

un-aligned lines around 200Hz.

On the spatial-FT for PND voltage, there is a strong peak at 1 rot−1, present only for
concentrations above 38wt%. There are a group on unaligned lines around 200 rot−1

corresponding to the single line at 50Hz on the time-based FT. The last feature is a line

at 700 rot−1. This line is present for all compositions, but only appears for higher duty

cycle runs. This is likely motor mechanical interference (vibration) which increases

in magnitude as duty cycle is increased. While there is no single frequency mode

appearing for CS40:(G85:W15), there is an increase in activity for this material —

shown by the bright lines stretching horizontally on both FT plots. These features at

CS40:(G85:W15) are discussed in Section 7.5.
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Figure 7.5: Heat map showing Fourier transform of PND voltage for different compo-

sitions of suspension (indicated along y axis) (a) with respect to time, and (b) with

respect to angular position. Plots are constructed as outlined in Section 4.4.3. Within

each band of a material, delineated by the red lines, each horizontal line of pixels

represents a run of the material at a motor DC setpoint, which increases within the

band from top to bottom.

7.5 PND Voltage

To understand the PND measurement better, the distribution of voltages is first in-

vestigated. Subsequently any correlation of PND voltage with rheological measures is

investigated.

7.5.1 Rank Plot

To investigate the distribution of PND measurements, the voltage magnitude is plotted

in rank order on Figure 7.6. This is a plot of the PND voltage measurement, sorted by

magnitude in reverse order so that the highest recorded voltage is rank 1, and the

lowest voltage is rank N out of N measurements. In this manner, common values can

be seen together as horizontal lines.

On Figure 7.6, compositions above and below 40wt% and tend to have lower

magnitude measurements than those recorded at 40wt%. This effect is especially

noticeable on the negative channel, where the voltage magnitudes are generally

lower for compositions apart from CS40:(G85:W15) (this the only difference that

can be seen between the channels). This shows an increase in flow unsteadiness for

CS40:(G85:W15).

The rank plots for all compositions show a shoulder or “hump” — increasing with
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Figure 7.6: Plot of PND voltage, sorted and ranked by magnitude. Colours indicate

the mass fraction. Long horizontal lines indicate frequent voltages. Each line is rank

plot for a single run of a composition of suspension; lines differing in applied motor

duty cycle, strain rate, and stress. PND Voltage is split into positive (above) and

negative (below) channels — there is no qualitative difference between the two save

for a reduction in the highest magnitude (negative) voltage for all compositions bar

CS40:(G85:W15).

composition up to the 40% mark and then falling, suddenly. This tallies with what can

be expected from a shear thickening fluid approaching the dst region: as the system

moves into the dst region the suspension forms a band of jammed material e.g. at

the outer cylinder and a dilated band e.g. near the inner cylinder. As the suspension

shears, the size of these bands varies as the system organises itself to try to maintain

the applied shear. This could result in a thickened/jammed band moving into contact

with the needle, or the dilated band varying in viscosity which is picked up by the nee-

dle (see Section 6.4). As the stress increases, the size of the jammed/thickened band

increases until it almost covers the gap: resulting in steady flow and not dynamics to

be picked up by the inserted PND.

7.5.2 Correlation with Stress

2D histograms of stress (y axis) and PND voltage (x axis) are shown for different

compositions of cornstarch suspension on Figure 7.7, increasing left-to-right, top-to-

bottom. Colour indicates count on the histogram, with white indicating no value.

The stress correlation plots differ for each composition. For the lowest density sus-

pension (CS35:(G85:W15), Figure 7.7 (a)), the stress-PND plot consists of a straight

yellow backbone, with a slight bulge of green/blue (indicating lower counts). The ver-
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Figure 7.7: 2D Histogram of stress and PND voltage by composition. Colour indicates

normalised histogram count as noted by the colour bar. White indicates no value.

tical high density (yellow) backbone is a feature present throughout, indicative of a

component of the stress that is not correlated to the PND measurement. The higher

densities of CS44:(G85:W15) and CS45:(G85:W15) ((f) and (g) respectively) also

consist almost entirely of this backbone. However CS38:(G85:W15) shows a blue

area in addition to the backbone, at high stress coinciding with high values of PND

voltage. This effect is amplified in the next material (CS40:(G85:W15), Figure 7.7

(c)), where there is a large “blob” of blue/green points reaching out to the top right

of its plot, and stretching slightly out left too. This indicates high PND activity at

middling-to-high stresses. Lowest and highest stresses resulting meanwhile in low

measured PND voltage. This is consistent with with predictions from the WC phase

diagram (Figure 7.1): stresses below the green dst region and above it do not result

in unsteady flow; those within the green region do.

7.6 PND Peaks

The PND measurement is of the form of a series of peaks, which tend to occur once per

rotation. This is shown by plotting the PND voltage modulo one rotation, with reduced

opacity (5%, is used on Figure 7.8) — faint lines de-emphasise irregular parts of the

signal while making clear the repeated parts. Voltages are standardised,

V′PND =
VPND

VPND,mx

where VPND,mx = 1.44V is the maximum PND voltage measured across all runs and

all concentrations, to ease plotting and still ensure a comparable measurement. In

this way, the voltage for each composition and duty cycle can be superimposed on
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itself; any regular patterns are shown as distinct, solid lines. Occasional, inconsistent

measurement (noise) would present faintly as compared to regular measurement. This

is plotted on Figure 7.8 and shows several interesting features.
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Figure 7.8: Measurements of PND voltage for different compositions plotted against

angular position (θ, in rotations) of the inner cylinder, modulo one rotation. Plot seg-

ments are split according to duty cycle (DC) and composition. Duty cycle increasing

from left to right, and composition increasing from bottom to top. The voltage is stan-

dardised by the maximum in the dataset. Voltage is plotted with faint lines; repeated

parts of the signal where many lines overlay each other are therefore shown more

clearly while non-repeated parts remain faint and are de-emphasised.

First, the highest composition and lowest compositions (CS44:(G85:W15) and

CS35:(G85:W15)) have negligible measured PND voltage. This indicates there were

no sudden changes in rheological characteristics over the course of the run: the PND

being adept at picking up dynamic loading (changes in stress), but not static loading

(see Section 3.8).

Then, the next-highest composition (CS43:(G85:W15)) develops an increasing

“wave” shaped measurement with increasing DC (rotation rate, strain rate, and, by

extension, stress).

Some middling runs, CS42:(G85:W15) and CS38:(G85:W15) show an increase in

PND activity as duty cycle increases: with intermittent peaks forming and increasing

in magnitude with DC. This indicates there are small, irregular changes in rheology

which are deflecting the needle probe.
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Figure 7.9: Standardised stress measurements for different compositions plotted

against angular position (θ, in rotations) of the inner cylinder, modulo one rotation.

Plot segments are split according to duty cycle (DC) and composition. Duty cycle in-

creasing from left to right, and composition increasing from bottom to top. Voltage is

plotted with low opacity (5%); repeated parts of the signal are therefore shown more

clearly while non-repeated parts are de-emphasised.

Finally, there is a stark difference between the measurements of CS40:(G85:W15)

and the others. There are large magnitude peaks, of very short duration with respect

to rotation period, occurring with inconsistent frequencies close to the rotation fre-

quency. This indicates the presence of a sudden change in deflection of the PND

needle approximately at least once per rotation, with some waves seeming to repeat

twice per rotation at higher concentrations (CS43:(G85:W15), CS44:(G85:W15)) or

low DC (204).

It is useful to compare the behaviour of the average PND event to a similar plot for

stress: shown on Figure 7.9 — the stresses on the figure are standardised in the same

way as PND voltage was on Figure 7.8: subtract the mean and divide by the maximum.

The stresses for all the runs of each composition at each duty cycle are superimposed

on themselves, as for PND voltage, and the result is a distinct wave indicative of a

regular disturbance being measured.

The repeating wave in stress measurement is of a relatively consistent shape: al-

most “m” or “w” shaped. There are two peaks and two troughs in a rotation of the

cylinder, however when superimposed (as on Figure 7.9, but for a period of half of a

rotation) the peaks and troughs do not align. This wave could be thought of, there-
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fore, as a composite of two out-of-phase waves (approximately sinusoidal in shape).

This wave occurs mostly once per rotation. The magnitude is not consistent however:

increasing with composition. The wave phase is not always consistent with rotation

rate: especially for higher DCs and higher compositions, there are areas where the

wave becomes out of phase.

Comparing the stress average event plot with that for the PND, there is expected

to be something interesting occurring around the middle DCs for CS40:(G85:W15).

There are more out-of-phase measurements in the CS40:(G85:W15), but not more

than there are for CS43:(G85:W15) and CS44:(G85:W15) at the same duty cycle

— however, for CS40:(G85:W15) these occur at comparatively lower stress and dis-

appear at the highest duty cycle: this aligns with the out-of-phase PND events on

Figure 7.8.

The PND measurements have little noise in a run — if a large voltage is measured

then it is measured consistently. Therefore the PND measurements can be plotted as a

phase diagram, where areas of high PND activity can be related to run average stress

and mass fraction. This is plotted on Figure 7.10.
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Figure 7.10: Phase diagram showing areas with high PND activity. Scatter plot of

stress against mass fraction for all runs in this Chapter, points are coloured by the

log10 of the maximum PND voltage measured, value indicated by colour bar.

On Figure 7.10, the brighter (more yellow) spots indicate higher maximum PND

voltage (i.e. more active PND measurement). There is a clear difference between the

measurements of CS40:(G85:W15) for all stresses, and the other compositions. For

the other compositions, the lowest stresses incur the lowest PND voltages, other than

for CS38:(G85:W15), which is missing the lowest stress run measurement. Higher
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PND voltage tends to occur at higher stress. For CS40:(G85:W15), the PND voltage is

uniformly high. This unusually high measurement of voltage on the PND disc sustained

during measurements of this composition indicates the presence of a more dynamic or

unstable aspect to the flow. A consistent high or low flow would result in a low voltage

(as the voltage in the piezo decays) — however a high voltage indicates a changing

load on the needle probe: unstable flow. This effect was consistent across several

runs.

7.7 Anomalous Measurements

Left out of the data presented so far are some anomalous materials: CS30:(G85:W15)

and CS41:(G85:W15). These materials have been left until now as they fit less nicely

in to the picture developed so far. The runs for CS30:(G85:W15) shows higher-than-

expected noise in the PND measurements. The runs for CS41:(G85:W15), on the

other hand, show lower-than-expected PND measurements.
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Figure 7.11: 2D Histogram of stress and PND voltage by composition. Colour indicates

normalised histogram count as noted by the colour bar. White indicates no value.

This can be seen best on the stress correlation heatmaps for these materials, shown

on Figure 7.11 when compared to those shown previously on Figure 7.7.

It is possible that there were some issues in measuring out the suspensions , this

is explored in the uncertainty estimate sections in Chapter 3 on in Section 3.4.4 and

Section 3.5.5. The conclusion was that, across repeated runs, measurement inconsis-

tencies is negligible indicating that inconsistencies between runs is not likely to be a

cause of error. There seems to be a great sensitivity of the behaviour to even slight

changes in concentration — owing to the large changes in observed behaviour even

with a 1% change in mass fraction.
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Another possibility would be the sedimentation of particles over time. This is the

danger of using a non-density matched solvent. Sedimentation has not been seen

to occur over the course of a run; the bottom of the cylinder post-run was not seen

to accumulate cornstarch appreciably. However after preparation the suspension is

allowed to rest in order to ensure a consistent rheology without swelling. In this time

the suspension does settle and needs to be re-suspended by vigorous stirring. If the re-

suspension misses a part of the sediment, then the composition of the tested material

will be different than expected. To avoid this, salt can be added to increase the density

of the solvent (however this can introduce problems with the rheology and stability of

the suspension — as discussed in Section 4.2.2). Again, the random error analysis in

Section 3.4.4 and Section 3.5.5 does not indicate measurement inconsistency to be a

likely cause of the anomalous results.

7.8 Conclusions

In this chapter, runs involving cornstarch suspensions at or near the dst regime on the

WC phase diagram have been investigated. However, as pointed out in Section 4.2.2,

cornstarch systems deviate from the assumptions made for the WC framework: corn-

starch is not a hard particle, nor a sphere, nor monodisperse. This results in signifi-

cant uncertainty about the position of the dst area on the phase diagram. Estimates

for cornstarch show a transition to jamming behaviour around a volume fraction of

0.439 [4] or 0.55 [6]. Here, there is seen a marked increase in local pseudo-stress

measurement by the PND (determined by a voltage) for a mass fraction of 0.4, the

corresponding volume fraction is estimated (method discussed in Section 4.2.2) to be

0.404. This puts the estimated beginning of the transition to shear-jamming suspen-

sions to a concentration significantly lower than previously estimated.

Correlation of stress and PND shows there is a link between high values of (global)

stress, and high values of PND — a high value of PND indicates, potentially, a high

local stress measurement, which sometimes coincides with a high global stress mea-

surement and explaining the correlation.

Fourier analysis of measured PND shows the presence of a growing (with respect to

duty-cycle) high time-frequency mode due perhaps to increasing sound interference

from the motor. There are no clear frequencies corresponding to the increased ac-

tivity in CS40:(G85:W15) — instead there is an across-the-board high value in the

transformed measurement heatmap.
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Finally, there are some seemingly anomalous materials (CS30:(G85:W15) and

CS41:(G85:W15)) measurements of which don’t quite match expectation. These

runs are could be outliers due to the potentially significant error in the measurement

process — errors to which the system which the system seems quite sensitive (even

a 0.5wt% change in suspension composition could provide a significant change in

observed behaviour). This would ideally be repeated, and including intermediate con-

centrations ( = 0.31,0.32,0.33. . . ).
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8. Conclusions and Future Work

8.1 Overview

In this final chapter, the project is reflected upon with respect to the goals as set out in

Chapter 1: to design a desktop rheometer alternative suitable to the lab environment

and to investigate the flow of dense suspensions in the unstable regime— as predicted

by Wyart-Cates theory. These goals are assessed in turn, then followed by a discussion

about areas in which the work could be continued.

8.2 Rheometer Design

At the beginning of this project, it was decided to construct a custom rheometer to fit

our needs. The rheometer was to be able to conduct rheometric measurements of a

fluid system in shear flow. These measurements were to be reported instantaneously

(i.e. with no time-averaging). This system would be open-source, with both software

source code and hardware designs open. In this way, future similar efforts can better

learn from the findings of this project.

This undertaking required research and investigation into the operation of com-

mercially available rheometers, as well as study of apparatus constructed by other

research groups (particularly that of Dalton et al [1]). This culminated in the design

presented in this work: a concentric cylinder flow cell driven by a geared DC mo-

tor. Sensors including a novel in-line stress measurement device, an optical encoder

for rate measurement, and an analogue-to-digital converter (ADC) for measurements

from any additional sensor desired, such as the PND used in this work. This system

packs in a fair amount of power (flexibility and extensibility) into a relatively simple

and elegant design. Now the design has been completed and documented in this the-

sis, this project could be re-posed as a project for undergraduate study — bringing
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together many different areas of chemical engineering (control, fluid flow) and other

areas of science and technology (electronics and programming) [2].

The custom rheometer was validated for use in suspension rheology and in general

rheology of thick fluids. The stress sensor sensitivity limits low-viscosity fluid investi-

gation — the rheometer is instead well suited to investigation of thick fluids. The open

design and use of 3D printed components make the rheometer very flexible. While

it was not investigated in this work, different flow geometries could be investigated

with a little modification (parallel plate or cone-and-plate geometries would only re-

quire a replacement of the cylinder). Using the techniques developed in the process

of this design, a similar rheometer device centred around a syringe pump was created

(Appendix F) showing the versatility in the design approach.

8.3 Flow Instability

Experiments on cornstarch suspensions were conducted in a flow space predicted, by

the Wyart-Cates framework [3], to exhibit complex, unsteady, flows. This regime of

unsteady flow and local fluctuation was found, for this system, to start at a volume

fraction of φdst = 0.433 — not too dissimilar to that found for a system in literature

(data of O’Neill et al. [4]) which gave φdst = 0.429, and for a suspension sheared in a

commercial rheometer (TA Discovery HR-3) which gave φdst = 0.392. The regime of

shear jamming was found to start at a volume fraction (estimated from mass fraction)

around φm ≈ 0.509— higher than other estimates for similar systems of φm = 0.43 [4]

and φm = 0.444∗. The three estimates use similar cornstarch-glycerol-water systems,

but in different geometries. This could account for the difference in fit results. How-

ever, as noted in Section 4.2.2, the WC model fitting procedure is not simple. Fit

results, even to measurements recorded by a commercial rheometer, can have signif-

icant uncertainty. In addition, cornstarch is porous and estimating its volume fraction

(required for the WC model) is difficult and relies on accurate humidity measurements

and porosity estimates.

The cornstarch system has many difficulties (polydisperse, anisometric, porous,

soft) to go along with its positives (cheap, readily suspendable in water, safe). These

difficulties make predictions based on the Wyart-Cates framework tough, albeit suit-

able for ballpark estimates of behaviour.

Despite predictions of unsteady flow at the compositions and stresses investigated,

∗In the same system, but in a parallel plate rheometer (TA Discovery HR-3). See Section 4.2.2
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no global unsteady flow was seen — only noise attributed to mechanical and/or elec-

trical interference. Global unsteady flow is characterised by a chaotic variation in the

non-fixed flow parameter [5]. In the experiments conducted here, rate is the fixed rhe-

ological parameter while stress is allowed to vary. It might have been expected to see

a variation in the stress timeseries’ then, in the predicted unsteady flow regime. How-

ever, this was not seen. This is in part due to a limitation of the developed hardware:

stresses from orders of magnitude below to orders of magnitude above the Wyart-

Cates onset stress would need to be examined, but the lowest stresses recordable are

only an order of magnitude below the Wyart-Cates onset stress, which itself could vary

over an order of magnitude due to the difficultly of performing WC model fits and the

variety of fit parameters (see Table 4.3). In addition, there was a difficulty in reaching

the low stresses due to the rate of rotation of the available DC motors and gearboxes.

No global unsteady flow was seen — but there was some activity measured by the

local stress sensor: the Piezoelectric Needle Device (PND).

The PND disc picks up deflection in an immersed probe and thus provides an in-

dication of local changes in stress. Measurements recorded by the PND in the region

at 40 wt% concentration show a marked increase in activity very suddenly. This in-

crease in activity was shown to coincide often with large measurements of (global)

stress and to have an unsteady pattern — phasing in and out of sync with the rotation

rate. This indicates some local phenomena, worthy of further investigation. These

local phenomena are supported by explanations of shear banding emergence are con-

centrations near the jamming volume fraction.

8.4 Future Work

The findings highlighted above have hinted at areas which are ripe for future investi-

gations. The rheometer design has limitations which can be improved. The work on

unsteady flow has areas raises questions for which further investigation could provide

answers. In this section proposals to continue the work will be discussed.

8.4.1 Rheometer Design

A primary drawback of the custom rheometer was a limitation of sensitivity in the

stress measurement. The bespoke design of linkage between cylinder and loadcell

proved fit for purpose; main drawbacks being the sensor range of loadcell. It would
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perhaps be useful to employ a gear system to reduce or increase the torques involved

— bringing the force to a level suitable to a sensor with a wider sensing range.

Another drawback in the design was an inability to create a large, controllable,

range of strain rates in the material. This was mitigated in the design by allowing

the changing of gear boxes, but this approach was cumbersome and increased the

likelihood of unintentional pre-loading of the stress sensor (see Section 3.5). A better

approach might be to use a variable speed gear box. There exist continuous speed

range gearboxes [6] which would be well suited as a control mechanism.

8.4.2 More PND

The PND sensor has been shown to uncover information inaccessible to traditionally

available stress sensors. The local information gathered by the device is important

in finding out more information about the phenomenon of shear jamming in dense

suspensions such as the cornstarch suspensions presented here.

In this work, only a single PND sensor was employed. However, it would be inter-

esting to add more sensors (distributed around the cylinder’s circumference) so that

multiple measures of local stress could be recorded simultaneously. In this way, a time

evolution of any changes in local stress could be approximated. In a similar vein, it

would be interesting to have sensors distributed axially up the inside wall of the cylin-

der: providing context for the height of the differently-stressed region. This could be

used to investigate the possibility of shear banding or the wave phenomena noted in

Chapter 7. In the same vein, placing PND sensors at different radial positions would

also provide valuable insight for the study of shear banding (especially with regards

to confirming the band-size and composition analysis discussed in Appendix H). This

would also pose a practical issue to be overcome: fitting multiple sensors in the gap

at the same circumferential location. This could be ameliorated by using a larger gap

scaling up the whole Couette cell, or by inserting sensors at different radial and cir-

cumferential positions. In addition, repetitions of the anomalous runs highlighted in

that chapter would give better context to the effects seen — especially a more fine

grained series of concentrations which were unfortunately not possible in the time for

this project.

Outside of the context of research, the PND device is proposed as a very simple

manner of indicating flow conditions that might otherwise be difficult to measure e.g.

in a pipe — similar in action, differing in purpose, to wall-stress measurement devices
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such as [7]. The simplicity and cheap construction of the sensor would make it suit-

able in applications where funds are limited, the only downside being a larger flow

disruption due to the larger probe than with more sophisticated sensors — a problem

which could be ameliorated with some further design tweaking: the sewing needle in

this design could be replace with any rigid probe, or even a taut thread or fishing line

(a sensor similar to fish lateral line sensors [8], on a larger scale).

8.4.3 Simulations

There have been modifications to the friction-driven transition model proposed by

Wyart and Cates, particularly that of Baumgarten and Kamrin [9], extending model

to apply to dynamic systems, while preserving the mean-field nature of the model by

taking the granular and fluid phases separately. The modified (BK) model has not (yet)

been applied to unsteady flow problems (i.e. the development of unsteady stress by

the fluid by application of steady strain rate or vice-versa). The model could uncover

some interesting dynamics of friction-driven model — especially due to the addition

of growth/death of friction allowing for friction “waves” to grow and die over time, in

such a manner unsteady flow might be modelled.
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A. Piezoelectricity

A piezoelectric disk is commonly used in microphony due to its ability to convert the

tiniest movement to an electrical signal. This ability is called the piezoelectric effect.

This is a property of ceramic materials which have an asymmetry in their structure [1].

When these materials are strained, a charge is created across the structure. When

the strain is reversed, the charge is removed. This is, in theory, perfectly reversible.

However in practice it is not the case. Given an impulse of strain, the piezoelectric

signal shows a spike as expected, but upon returning to baseline it overshoots —

shown on Figure A.1.

The overshoot is due to charge leaking from the crystal [2]. If a strain on the crystal

charges it to 10 coulomb, while strained 2C leaks (leaving a charge of 8 coulombs),

the removal of the strain will result in a -10 coulomb charge. This takes the charge on

the crystal to 8C − 10C = −2C and is seen as an overshoot (ΔV on Figure A.1).

The crystal structure consists of polarising elements. At rest, the polarising ele-

ments are not aligned, and the overall structure has no polarity. When the structure

is strained, the polarising elements are pulled into alignment and the structure is

polarised [3]. If the strain is maintained, the charge decays to zero exponentially. Be-

cause of this, a piezoelectric sensor is suited for studying dynamic responses (varying

faster than the decay) and not static response (where the decay will be noticeable).

The piezoelectric effect is described by a matrix of coefficients giving the relation-

ship between a strain (change in length per length, γ in m/m) in a direction (along or

about any of , y, z axes) and the charge developed (q in Coulombs). The structure of

the piezoelectric crystal will have a great impact on the ability of the crystal to trans-

form a deformation in a direction into a charge, described by the many coefficients in

the matrix. The system of equations governing the direct piezoelectric effect [4]:

D = dσ + ϵE (A.1)
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Figure A.1: Plot showing piezoelectric event: the PND’s probe was manually tapped

with a finger to obtain the response shown. Inset shows a magnified single event with

labelled change in voltage and time.

where D is the electric displacement (a vector size 3), d are the coefficients for the

direct piezoelectric effect (a 3 × 6 matrix), σ is the stress applied to the piezoelectric

crystal (a vector size 6), ϵ is the dielectric constant for crystal (a 3 × 3 matrix), and E

is the applied electric field (a vector size 3).

These equations can be simplified in this situation as the piezoelectric disk is only

undergoing deflection in the y direction, about the  axis (σ →σy≡ σy); there is

no applied field (E = 0); the resulting charge density movement is only measured

between the sides on the z plane, so D→ Dy. In addition to the y stresses there will

be compressive and tensile stresses in the -direction [5]. These -direction stresses

are present but do not create charge across the crystal in y, as dy, turns out to be

negligible [1] for the piezoelectric ceramic material used in the transducer.

Dy = dy,yσy + dy,σ

= dy,yσy (A.2)

The electric displacement is a change in charge (area) density[4]. Spread over the

area of the disk, this results in a change in charge:

ΔQ = DyA (A.3)

(A.4)
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The piezoelectric disk operates as a capacitor: as charges move within itself, a voltage

is produced around itself:

V =
ΔQ

C
(A.5)

Therefore the voltage produced by the piezoelectric disk is modulated by the direct

piezoelectric coefficient matrix d, the direction of strain, and the capacitance of the

sensor C.
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B. 3D Printing Procedure

B.1 Overview

3D printing was used to create parts for the custom rheometer in this work. In this

Appendix, the process involved in designing a part to be 3D printed is discussed. First,

the design step is discussed, where an idea is converted into a 3D model. Second, the

3D model needs to be cut into layers, using a “slicer” software. Finally, the part is 3D

printed.

B.2 Design

The first step in creating a 3D printed object, is to create a model of the desired object.

This is achieved using CAD software. Two software packages were used: FreeCAD [1],

and OpenSCAD [2]. FreeCAD software is a free, open source, traditional design suite.

It features drafting and design tools, as well as finite element analysis, and animation.

Each is available through its “workbenches”. OpenSCAD is a programming language

and IDE which can be used to describe a 3D object using its scripting language. Both

softwares emphasise the paradigm of parametric design; where a part is designed in

a functional manner, so it is the output of a function on some data (measurements,

for example). If the measurements should change then the function alters the output

accordingly, without need to redesign.

B.3 Slicing

There are a variety of 3D printer types: fused deposition modelling (FDM) and stere-

olithography (SLA) are two common types [3]. The print method discussed here is

FDM printing. This technology works by melting a filament of plastic and “drawing”
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Figure B.1: Schematic of an FDM 3D printer’s print-head. Coloured arrows show

direction and temperature of blown air. Plastic filament is pushed into a heated nozzle

by an extruder, through a heat break. The break minimises the heat that can travel

up the head, preventing premature melting of the filament. The print fan ensure the

filament cools quickly after deposition, so that it stays in shape.

out the layers of the desired model. Figure B.1 shows a diagram of an FDM printer’s

print head. This is the part of the printer than actually does the printing. Other impor-

tant parts not shown on the diagram are the (heated) print-bed upon which a model is

built, and the mechanism for moving the print head and print bed, allowing filament

to be drawn anywhere within the print volume.

This step in the printing process converts the model from a 3D object into a set

of layers than the printer can draw out. More correctly, it produces some GCODE

instructions for the printer. GCODE is a family of languages based on a specification for

traditional Computer Aided Manufacturing (CAM) use [4] and subsequently extended

for use in 3D printing [5]. GCODE is essentially a series of “move here”, “extrude a

little”, “move there” type instructions, along with temperature control instructions.

During slicing, the print settings are decided. Thickness of layer, fill percentage,

extrusion, speed, all these factor into the end result. The best parameters are often

a balance between quality and speed of the print. Smaller layers will result in longer

print times, but a finer result. More infill will (slightly) increase the strength of the part,

but again cost in time. Speed (velocity of the print head) affects the quality as high

speed creates a more “jittery” print.

In addition, there are settings related to the temperature of the hot-end, which

affect filament melting and print adhesion respectively. These settings are changed
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on a per-material basis. Even for the same material (e.g. polylactic acid, PLA) there

can be differences between manufacturers.

For big, structural parts used in the custom rheometer, a layer height of 0.3mm

was used as the finish was not a concern. For more intricate parts (threaded parts,

bearings) where finish quality did matter, 0.1mm layer height was used along with

post processing (filing, sanding) to ensure a smooth surface. Print speed was left at

the default values given by the manufacturer, Prusa.
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C. Proportional-Integral (PI) Con-

trol

Strain rate and stress control

Using a control algorithm [1], a control loop can be implemented by measuring the

speed from the optical encoder, comparing this with a desired rotation rate set point

ωSP, or a desired strain rate γ̇SP, and altering the supply voltage to achieve it. Sim-

ilarly, stress could be measured and compared to set point σSP and controlled via

supply voltage. The PI (Proportional-Integral) control algorithm is used here as it has

effective disturbance rejection while being tolerant of noise, although it is vulnerable

to overshoot if there exists a time delay in the measurement process.

The PI velocity (discrete-time) algorithm [1] gives the control action c (≡ Vms, the

desired supply voltage):

c = KP (εn − εn−1) + Kεndt (C.1)

where c is the control action: the change in motor supply voltage or PWM duty cycle.

ε is the measured error between the controlled variable y (e.g. stress or strain rate)

and the set point ysp: ε = y − ysp, with sample number . KP and K are coefficients

defining the relative behaviours of the proportional and integral parts of the controller.

dt is the time between samples in s.

The values of the coefficients KP, K are found via a tuning process, for which there

are different methods. One method is to manually alter the tuning parameters KP

and K until the desired response is achieved — trial-and-error tuning. Other methods

require modelling the response of the process and using the model parameters to

decide on the best tuning parameters based upon empirical relations such as Ziegler-

Nichols (Equation (C.4)). A simple dynamic model often used in process control is the
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First Order Plus Dead-Time (FOPDT) model [2]:

τ
dy

dt
+ y = K (t − td) (C.2)

where y is the process output (process input) and  is the process input (controller

output), τ is the time constant defining the “speed” of the response, K is the process

gain converting input to output at steady-state, t is time, and td is dead-time, the time

taken for changes to propagate into the process. The model can be fit to experimental

data by performing a step-change experiment: a step change is made to the controller

output , the process response (y) is monitored. The same change is made to the

model Equation (C.2) and the two responses are compared; the model parameters

altered to achieve best fit. The step (size = ) response from a FOPDT model is given

by:

y = K
�
1 − e−t/τ� (C.3)

The Ziegler-Nichols relations [3] give the control parameters in terms of the time

constant τ, dead-time td, and process gain K:

KP = 0.9
Kτ

td
(C.4a)

K = 3
Kτ

t2d
(C.4b)

Tuning by any method will normally end with a trial-and-error step to allow final

tweaking of the controller response. The tuning procedure for the motor control sys-

tem is as follows:

1. Turn off the control system (open-loop mode),

2. Turn on the motor with voltage so that the controlled variable (stress or strain

rate) is around the intended value (desired control output),

3. Monitor the stress/strain rate for a period of time (∼ 60s),
4. Step up the voltage by some known amount (e.g. 2V),

5. Continue to monitor the changes in stress/strain rate,

6. Compare response to the same step change response in the FOPDT model Equa-

tion (C.3) to obtain the best fit and thus the model parameters K, td, and τ,

7. Calculate the control parameters using Equation (C.4)
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8. Run the motor and monitor the controlled variable;

• Is the fit satisfactory?

• Does the control system reject small disturbances?

• Does the controlled variable follow the set point?

9. Tweak the controller tuning parameters (iteratively making small changes to each

control parameter) until the above criteria are satisfied.

The tuning can be evaluated in several ways; for example, assessing the system’s

ability to perform a unit-step test. Start with setpoint at one value and allow the

system to come to steady state. Increase setpoint by a unit. The system is now in

error (measured value does not match set point). The controller will now attempt to

bring the measured value up to the set point. The time-weighted mean square error

(MSE), measured over the course of the adjustment, can be used to judge how well

the system recovers from this unit-step and assess the efficacy of the tuning.
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D. Electronics Summary

D.1 Overview

In this Appendix, the electronics in the custom rheometer are described in detail.

Presented on Figure D.1 is the complete circuitry used for the custom rheometer. This

is split into six sub-systems: Light Gates, motor voltage control, cylinder thermometer,

ambient thermometer, loadcell interface, and PND interface. Each sub system will be

discussed in turn, followed by a summary of the components used.

D.2 Light Gate Circuit

This circuit forms the basis of the optical encoder. Each gate, marked on Figure D.1,

consists of a single IR LED used in combination with an NPN phototransistor. When

light (of the correct wavelength) hits the phototransistor, current between its collector

and emitter pins is allowed to pass: in this way, it acts like an IR-sensitive switch.

Light emitted LED is not sufficient for full saturation of the phototransistor, leading

to an amount of voltage loss in the transistor and resulting in low output voltage —

insufficient to trip a GPIO on the Raspberry Pi (RPi). To overcome this, a complementary

NPN transistor is used to boost the switching voltage, and allow a greater voltage to

be sent to the GPIO. The IR LEDs are connected to system voltage supply through a

330Ω resistor for protection.

This circuit is doubled up, to allow averaging between the two sensors and obtain-

ing a more accurate speed measurement, without resorting to time averaging.
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Figure D.1: Complete circuit diagram for the peripherals of the custom device.

D.3 Motor Interface Circuit

+

−

Vn

Vot

0V Rg

Rƒ

Figure D.2: Operational Amplifier configured as a non-Inverting amplifier.

The motor is controlled by a Pulse Width Modulation (PWM) signal generated by the

RPi. The signal is a square wave, the proportion of “on-time” to “off-time” will affect

the rotation rate of the motor, without sacrificing torque [1], thereby allowing slow

rotation rates without stalling. This PWM signal is generated by the hardware Digital-

Analogue Converter (DAC). This has 1024 (10-bit) “levels” of duty cycle adjustment.
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This square wave of voltage, in the range 0–3.3V, is passed into the motor interface

subsystem from GPIO18. The PWM signal feeds first into an LM358 operational ampli-

fier, configured as a non-inverting amplifier (as shown on Figure D.2). This is used to

increase the voltage of the signal by a multiplier. The amplification goes according to

Vot =
Rƒ + Rg
Rg

Vn (D.1)

where Vot is the voltage output from the amplifier and Vn is the input voltage, both in

V. Rƒ is the resistance in Ω of the feedback resistor, connected between the amplifier’s

output and inverting input (see Figure D.2). Rg is the resistance in Ω of the ground

resistor, connected between the amplifier’s inverting input and ground. Rƒ and Rg

correspond to R6 and R7 on Figure D.1 respectively.

The voltage output from the LM358 is then passed into a pair of current amplifying

transistors (T01 and T02). This boosts the ≈ 100mA of current that can be supplied by

the operational amplifier up to the ≈ 2A required to drive the motor. Each transistor

has a gain of hFE = 200 which would be sufficient for the amplification. However

there is a great deal of heat released, and does not leave room for spikes in current

consumption above the expected max of 2A. Therefore two were used in parallel to

split the load.

Finally, the voltage output from the bases of the power transistors is fed into the

motor. A flyback diode D01 is included to protect the circuitry from any back EMF∗ by

providing a low-resistance route for the EMF to traverse.

D.4 Cylinder Thermometer Circuit

The cylinder thermometer interface is handled by a specialised board (THERMO K click

— based on the MCP9600 thermocouple driver IC) which converts the thermocouple

signal into a temperature. This is interfaced with the RPi by use of the I2C serial

protocol.

D.5 Ambient Thermometer Circuit

Ambient temperature is measured by two DS18B20 1-wire sensor modules. These

only require power and one sensor wire. The sensor wire requires a pull-up resistor

∗Back EMF is a phenomenon where a large negative voltage is produced by electro-magnetic devices

(utilising coils and magnetic fields) as the magnetic field collapses [2].
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(R8 on diagram) to interface.

D.6 Loadcell Interface

Similar to the cylinder thermometer, the loadcell is interfaced via a commercially avail-

able circuit (an example [3]) built around the HX711 24-bit ADC. This interfaces with

the Raspberry Pi via a custom serial interface. The interface is based on a two wire

set up: one clock and one data. The clock wire syncs the software on the RPi with the

chip, while data is transmitted one bit at a time via the data line.

D.7 Piezoelectric Needle Device (PND) Interface

The PND produces a voltage when it is strained or stressed. The voltage produced

ranges from ≈ 5V up to ≈ 5V. If this was directly passed into an analogue to digital

converter (ADC), then the negative part of the signal would be lost. To split the voltage

into two channels of positive voltage, a diode rectifier circuit is used. This circuit

consists of four diodes, which force current to flow in one direction.

After the rectifier, there are two channels of signal which are sent to the ADC

(MCP3008, 12-bit ADC) where the analogue signal is converted to a digital signal which

can be read by the RPi via SPI serial communication interface.

D.8 Components List

Main components on Figure D.1 are summarised on Table D.1.
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Table D.1: Summary of main electronic components labels and descriptions.

Component Description

Raspberry Pi Single Board Computer; controller

HX711 AIO HX711 ADC all-in-one board; loadcell inter-

face

DS18B20 1-Wire interfacing temperature probe

Thermo K Click Thermocouple interface board

GL01, GL02 IR LEDs; light gate sources

GT01, GT02 IR Phototransistors; light gate sensors

GS01, GS02 NPN transistors; light gate switching tran-

sistors

PT01, PT02 NPN power transistors; current amplifiers

for motor supply

LM358 Operational amplifier; voltage amplifier for

motor supply
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E. Estimating Viscous Heating

Effect

The temperature dependence of viscosity was mentioned in Section 5.4 as an expla-

nation for a slow drop in measured viscosity over time. Over the course of a run, the

dissipation of rotational energy by the fluid can increase the temperature, causing a

decrease in viscosity. This shear heating effect can be estimated by balancing the

mechanical energy input to the fluid with the heat gained by the fluid.

Mechanical power is given by the product of angular velocity and torque:

Wmech = Mωr (E.1)

where Wmech is the mechanical work input. Assuming no or negligible heat escapes

from the cylinder, then the work input is equal to the heat gained. This is a fairly

strong assumption given the low temperature differences (small heat transfer driving

force) involved, and small surface area of the y-table in contact with the cylinder

(small area for conductive heat transfer) — therefore the heat transfer between fluid

and the atmosphere is assumed negligible.

If M is replaced by the torque imposed on the shaft by the fluid alone (Msc), then

we get an equation giving the power dissipated by the fluid (Wsc):

Wsc = Mscωr (E.2)

Energy input to the fluid is dissipated. It can be assumed that most of the energy is

dissipated as heat. Temperature change can be found from:

Wsc ≈Whet =mcp(Tpred) Ṫ (E.3)

where Whet (W) is the rate of heat gained by the fluid (mass m in kg), specific heat

capacity cp in J kg−1 K−1), and Ṫ is the rate of temperature change in Ks−1. Mass of
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fluid is found from the volume:

V = AnnH (E.4)

where Ann is the annular area between the inner and outer cylinders in m2 and H is

the fill depth of the fluid within the Couette in m. Glycerol and water densities are

found using the relations [1]:

ρg = 1.277 − 6.54 × 10−4 (T − 273.15) (E.5)

ρ = 1 −
����T − 277.15622

����1.7 (E.6)

where ρ is the density of the material in gcm−3, T is temperature in K, and subscripts

g and  refers to glycerol and water respectively.

The fluids are mixed together, with glycerol mass fraction Cm. The combined prop-

erties of the fluid can be approximated [1]:

ρg = ρg Cm + ρ (1 − Cm) (E.7)

cp,g(T) = cp,g(T)Cm + cp,(T) (1 − Cm) (E.8)

Equation E.3 is rearranged to give the differential equation:

dTpred

dt
=
Mscω

mcp
(E.9)

which can be solved numerically to give temperature versus time. This process calcu-

lates an estimated temperature rise for a sheared volume of a glycerol-water mixture.

An example: shearing a mixture of 85wt% glycerol and 15wt% water for 100 seconds

at an angular velocity of 10 rd s−1, initially at a temperature of 288.15K, results in

a temperature change of 4.10 × 10−4 K according to Equation E.9. Following through,

using Equation 4.3, the viscosity drops by 4.78 × 10−5 P s.
In combination with Equation (4.3), the change in viscosity with temperature can

also be estimated, as discussed in Chapter 5, Section 5.4.
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F. Syringe Pump Rheometer

F.1 Overview

During the project, a second rheometer was constructed: in the form of a syringe

pump, modified to take rheological measurements. This rheometer was applied through-

out several undergraduate projects [1], [2], as well as a related PhD project [3].

Similar to the custom concentric-cylinder rheometer (CCR) described in this project,

the syringe pump rheometer (SPR) was designed for use in the investigation of dense

suspensions of cornstarch. In this set up however, the flow takes place within a syringe

and attached tube — more complex than the simple shear flow in the Couette cell.

However, the SPR results in pipe flow with a constriction (due to the nozzle) similar to

the experimental set up of [4], but on a much smaller scale.

Differing from the CCR, the SPR was not designed with open access or repeatability

in mind. It was constructed purely for use as a rheological investigative tool, leverag-

ing the flexibility of an open hardware and software platform for flexible research on

control methodology and rheology.

The repurposing of the syringe driver as a syringe-pump based rheometer was

originally carried out by a Master’s student [1], however the resulting design was

unfortunately lost and the development was re-started. Presented here is the final

version of the syringe pump rheometer.

F.2 Design

The SPR has the same four core components as the CCR: a rate measurement com-

ponent, a force measurement component, a flow driving component, and a known

geometry through which flow occurs. On top of this, the SPR incorporates a PI con-

troller in order to drive flow at a specified rate or force. The physical basis for the SPR
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is a syringe pump (of the type used in hospital), upon which the controlling electronics

were built to create a rheological measurement device, from a disused drug-delivery

device.

Syringe

Loadcell
Motor

Optical Encoder
Control board

Gears

Rack

Actuator

→ −FN

← FN

← Qmls−1

Figure F.1: Schematic of syringe pump rheometer.

A schematic of the SPR is shown on Figure F.1, showing the layout of the component

systems. The “rack” is a worm gear driven by the motor, via a reduction gear chain

(reducing the rotation rate from the motor). As the motor turns, the actuator plunges

the syringe. The force applied by the actuator is measured by a loadcell balanced

against the end of the rack. Rate is measured by an optical encoder attached directly

to the driving shaft of the motor. The whole system is controlled by at Arduino micro-

controller board, from which data are logged by interfacing with a GUI application run

on a computer.

Each of the component systems will be described in turn in the following sub-

sections.

F.2.1 Syringe pump

The core of the syringe pump rheometer is a syringe pump. This component was

obtained from ebay∗. The syringe pump already contains all of the components nec-

essary for rheological measurement — the issues lie in extracting that information.

The control and interface software it runs on is not designed to extract rheological

∗The exact listing is no longer available. Many similar syringe pump drivers are available: an example

is [5].
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information, merely push a plunger at a tightly controlled rate and to shutdown if too

high a pressure is applied.

During attempts to adapt the original control systems, some of the original elec-

tronic components were damaged (optical encoder, loadcell) which had to be replaced.

The original loadcell was custom designed to fit in to the pump housing. This design

was unable to be replicated. (Due to the fragility of the loadcells obtained, they broke

when attempted to be machined to size in the workshop.) Instead the housing was

adapted, using 3D printed components, to house the new loadcell (unknown brand,

5kg rated, obtained from eBay†). After use for a while, the loadcell was found to be

insufficient, being under rated for the forces involved. It was replaced with a loadcell

rated to 20kg‡.

F.2.2 Rate Measurement

Rate is measured by use of an optical encoder on the motor output shaft. An optical

encoder (similar to the one described Section 3.4) is a light source and sensor (forming

a light gate), between which sits a slotted disc attached to a rotating shaft. This notes

down a “tick” every time the light gate circuit “makes” (light is unblocked) or “breaks”

(light is blocked). To convert a tick-rate (ticks per time) to an actuator velocity the

gear ratio needs to be taken into account. After the velocity is known, the flow rate is

calculated simply from the cross-sectional area of the syringe.

In this encoder, there are two slots. There is a tick for each “make” and a tick for

each “break”; therefore 4 ticks per rotation and 1 tick per quarter-rotation.

ωm =
1

4
TR

where TR is tick rate in s−1, and ωm is the rotation rate of the motor shaft in rot s−1.
This driving shaft is immediately passed into a gearbox (of unknown ratio) attached to

the motor, and the output of this is passed to the gear train, as detailed on Figure F.2.

To get the conversion ratio of the gearbox, a tooth on gear 2 was marked against a

background sheet of paper. The motor shaft was rotated. When the tooth had rotated

over to the position of the next tooth (compared against the markings made on paper),

the motor shaft had rotated 3 times. There are 30 teeth on gear 2 — in one 30th of

a rotation on 2, the motor rotated 3 times. This gives the conversion ratio from the

motor shaft to gear 2 of R0,2 = 1/90 and introduces a shortcut for getting the rotation

†Exact listing no longer available. An example of similar component is [6].
‡Exact listing no longer available. An example of similar component is [7]
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Figure F.2: Gear train diagram between motor and worm gear.

rate of gear 2 from motor rotation rate:

ω2 =
1

90
ωm

The overall gear ratio of a gear chain is the product of the ratios of the gear ratios in

the chain. (Where the gear ratio is the ratio of number of teeth on the input divided

by the number of teeth on the output.)

ω =
n3

n4
ω3

ω3 =
n2

n3
ω2

ω =
n3

n4

n2

n3
ω2 =

1

105
ωm

where n is the number of teeth (see Figure F.2), ω is the rotation rate in rot s−1 on

gear , and ω is the rotation rate of the worm gear.

Finally, the pitch p (mmrot−1) of the worm gear converts the rotational rate of

its input shaft to the linear velocity of the actuator  and hence, the plunger. By

counting the number of teeth in a 1cm section of the worm gear, the pitch was found
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to be 1mmrot−1. Therefore the conversion between ticks and linear position is

ktck→dst,cc =
1

105

1

4
≈ 0.00238mmtick−1

An alternative measurement was taken: by measuring the number of ticks over the

course of the entire length of the rack and dividing through, an analogous conversion

factor was obtained:

ktck→dst,est ≈ 0.00272mmtick−1

This latter was obtained early in the design process and persists in latest software for

consistency. This value is not far off that calculated from the ratios, approximately

12.5% difference. There is potentially greater confidence in the estimated value of

0.00272mmtick−1, being taken over a larger range while the worm pitch measure-

ment was taken over only a 1cm length.

F.2.3 Force Measurement

The rack pushes down on the syringe plunger and back on the loadcell. Any obstacle

in its way (plunger friction, fluid resistance) requires force to overcome, this force is

measured on the loadcell.

Calibration of the loadcell is performed by applying a known force to the cell, and

recording the output. This is done by two methods: one method uses a build-up of air

pressure to impose a pressure on the loadcell and the other piled on standard weights

to impose known weight. The first method was used to calibrate for the first loadcell

(rated to 5kg) and the second method used for the final loadcell (rated to 20kg).

Air Pressure Calibration

Two syringes are linked together by a tube with one syringe’s plunger fully depressed

and the other’s plunger fully extended. The depressed syringe is mounted into the

syringe pump. A pressure can be applied on the actuator of the syringe pump by de-

pressing the extended plunger. By applying Boyle’s law [8, p. 7] (assuming isothermal

— syringe is not insulated), the pressure exerted can be calculated from the volume,

(which can be read from the graduations on the syringe):

P2 =
V1

V2
P1 (F.1)

ΔP = P1

�
V1

V2
− 1
�

(F.2)
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where ΔP is the pressure (above atmospheric) imposed on the loadcell in P, P1 and

P2 are the pressures before and after the plunger is depressed, in P. V1 and V2 are

the volumes before and after the plunger is depressed, in ml.

The force is then calculated from the cross sectional area of the plunger,

F = ΔPA (F.3)

where F is the force applied to the loadcell in N, and P is the syringe pressure in P,

and A is the cross sectional area in m2. The diameter of the plunger is 21.5mm and

therefore A = 3.631 × 10−4m2.

The calibration was conducted by holding the depression level of the plunger to

different volumes while recording loadcell values. The results of two such calibration

procedures is shown on Figure F.3b.
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Figure F.3: Syringe pump calibration results achieved (a) by air-compression method

for the initial 5kg loadcell, and (b) by standard weights method for the latter 20kg

loadcell.

The two results presented on Figure F.3b (performed approximately 7 months apart)

have similar trends but are slightly offset. This can be due to differences over time,

or with use. The loadcell is rated only to ≈ 50N, but in use the loadcell is subject to

forces in excess of 100N. Due to this exceeding of the force rating, a new (larger)

loadcell was sought and calibrated using the next method.

Standard Weights Calibration

Force is calibrated in this method by placing standard weights (brass masses) on the

actuator and recording the loadcell value. Unlike the previous method, this method
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does not require any calculating nor any complex linkage, only relying on the mass

and acceleration due to gravity,

F =mg (F.4)

where F is the applied force in N, m is the mass of the brass set on the actuator in kg,

and g = 9.81ms−2 is acceleration due to gravity.

The simplicity of the procedure is thought to reduce any error in calibration due to

mis-loading of equipment during the calibration procedure. However, a downside lies

in the small range of values available (masses were only available up to 250g).

F.2.4 Motor

As for the CCR, motor supply voltage sets the extrusion rate through the cylinder and

is set by by Pulse-Width Modulation (PWM) — the technique of controlling the ratio of

time when voltage is applied to when it is not in order to control the rotation rate. The

digital PWM signal is created by the Arduino control board, but needs to be current

amplified as the motor’s operation current is far higher than can be safely supplied by

the Arduino. This is done through the use of a half-bridge circuit — a set of transistors

used to amplify current.

F.2.5 PI Control

Flow rate measured by the optical encoder and force measured by the loadcell can

both be controlled by applying the well-known PI algorithm [9] (described in Ap-

pendix C). However, tuning of the algorithm proved difficult and the bare PI algorithm

was modified. The issue lay in oscillatory responses appearing in the controlled vari-

ables. Tuning was difficult as the fluids run in the SPR are widely varied and so one

set of tuning parameters for one suspension composition did not apply well to another

composition.

One solution proposed was to have different sets of control parameters varying

with composition. This investigation formed the basis for a project for a Master’s

student [2], but the results have yet to be merged into the software.

To remove this oscillation from the response, a scheme termed “momentary” con-

trol was developed§. In this scheme, the controller applied the PI algorithm to the

system (attempting to maintain a setpoint of either flow rate or force) for a period of

§To the best of the author’s knowledge this scheme is not described in literature.
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20 seconds at the start of the run. After this period ends, the controller applies what-

ever value it last calculated for the motor DC, and holds it until the end of the run. In

this way, any oscillation due to controller action is limited to the active control period,

while the passive period has no active control and therefore no controller oscillatory

response is possible. In addition, the active period allows the system to come to (near)

the setpoint, allowing for a semi-controlled rheological experiment.

F.3 Summary

In this chapter, a design for a syringe pump rheometer was presented. This SPR

employed many of the same design principles as the CCR, showing the versatility of

the techniques.
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G. Cylinder Wall Heat Transfer

G.1 Overview

In the Concentric Cylinder Rheometer (CCR) described in this thesis, temperature is

monitored by thermocouple placed on the outside of the outer cylinder. This is an

indirect measure of the temperature of the fluid in-between the outer and inner cylin-

ders. This design was opted for as it eliminated intrusion into the flow cell, while still

allowing measurement of the temperature. However, the temperature measured will

be at a slight delay due to the heat needing to travel through the glass before it can

affect the thermocouple. The thermocouple on the glass might also be at a lower

temperature than the fluid itself (if e.g. the fluid is subject to viscous heating). In

this chapter, the heat transfer calculation is performed in two cases: unsteady heat

transfer (before steady state is achieved) in Section G.2 and steady state temperature

difference across the Couette cylinder in Section G.3.

G.2 Unsteady Heat Transfer Calculation

Heat is transferred from the fluid, through the glass cylinder, and to the thermocou-

ple. The temperature on the outside surface of the glass is assumed to be the same

temperature as measured by the thermocouple. For this analysis, the fluid and air are

taken to have a constant temperature. This is to gauge how long it would take, if the

fluid heated up, for the fluid temperature to propagate through to the thermocouple.

Start by taking an energy balance over the glass wall:

ccmltion = genertion − consmption + in − ot

No reaction taking place, so no generation or consumption. Assume early time —

steady state has not been achieved and heat has not yet exited the system: outlet

164
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Table G.1: Heat transfer coefficients and thermal conductivities for Couette cell.

Parameter Value Notes

hƒ 500Wm−2 K−1 Approximated as lower bound of values given

in [1] for low temperature free convection for

water.

k 0.78Wm−1 K−1 Glass thermal conductivity from [1].

h 28Wm−2 K−1 From [2]

can be neglected. Accumulation is the enthalpy change in the thermocouple, and inlet

is the heat transferred through the wall of the cylinder, Qn.

dE

dt
= Qn

d

dt

�
mcp (TT (t) − TT,0)� = UAc ΔTF(t)

where m is mass of the glass cylinder in kg, cp is the specific heat capacity of the

glass in kJ kg−1 K−1, TT (t) is the temperature of the thermocouple over time in K, TT,0

is the initial thermocouple temperature in K, U is the overall heat transfer coefficient

for the fluid-glass system in kWm−2 K−1, Ac is surface area of the cylinder in m2, and

ΔTF(t) = TF − TT (t) is the temperature difference between the fluid and thermocouple.

The glass has mass of 119g and heat capacity 0.75kJ kg−1 K−1. The cylinder wall

has heat transfer area A = 1.14 × 10−2m2. The overall heat transfer coefficient can

be calculated from:

1

U
=

1

hƒ
+
t

k
+

1

ht
(G.1)

where hƒ and ht are the heat transfer coefficients for between the fluid and wall,

and wall and thermocouple in Wm−2 K−1, k is the thermal conductivity of the glass

wall in Wm−1 K−1, and t = 2mm is the wall thickness. Assuming the solid-solid

heat transfer coefficient ht is large, then 1
ht

can be neglected. The heat transfer

coefficients for the Couette cell used in the Custom Couette Rheometer (CCR) are

presented on Table G.1

Take mcp
UA = τ as the time constant for the transfer. This differential equation can be

easily solved to give a formula for thermocouple temperature at a time t:

ΔTT (t) = TF(1 − e−t/τ) (G.2)
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For a first order process like this, we can expect a disturbance to transmit through

the process completely after approximately 5τ. For this process, τ has a value of

0.12s and the temperature disturbance is fully propagated after ∼ 0.6s. This can be

seen graphically on a plot of TT(t) against time, Figure G.1. This plot shows different

fluid temperatures and how long they take to propagate.
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Figure G.1: Outer cylinder wall temperature (solid lines) plotted against time. Calcu-

lated using Equation (G.2). Dashed lines indicate final value, and time taken to reach

99% of the final value.

G.3 Steady state temperature difference

At steady state the work input by the motor does not accumulate and transfers through

the cylinder wall. Heat convects through the suspension in the Couette cylinder, the

conducts through the glass cylinder wall, then convects away through the air. The

heat transfer rate can be calculated using:

Whet = UA(Tƒ − T) (G.3)

where Whet is the heat flowing through the system (equal to the work done by the

motor in the fluid, Wsc) in W, A = 1.14 × 10−2m2 is the heat transfer area, Tƒ is the

temperature of the fluid at steady state, T is the temperature of the air, and U is the

overall heat transfer coefficient in Wm−2 K−1 which can be calculated using:

1

U
=

1

hƒ
+
t

k
+

1

h
(G.4)
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If the heat transfer rate, heat transfer coefficients, thermal conductivity, and ambi-

ent temperature are known, then the fluid temperature can be calculated using Equa-

tion G.3. Then, the temperatures of the inside wall T, and outside wall To can be

calculated using:

Whet = hƒA
�
Tƒ − T� (G.5a)

Whet =
kA

t
(T − To) (G.5b)

The steady state temperature difference between the fluid and the outside of the

cylinder can then be found.

The heat transfer coefficients for the Couette cell used in the Custom Couette

Rheometer (CCR) are presented on Table G.1. The calculation outlined above is per-

formed for runs in the CCR to uncover the difference between the fluid temperature

(the temperature of interest) and the temperature of the outside of the cylinder (tem-

perature measured by the thermocouple). For a suspension of CS45:(G85:W15)

sheared at 1.825 rd s−1, the heat input to the fluid is 16.49mW. The resulting tem-

perature difference between the outside wall and fluid is Tƒ − To = 4.018mK.

G.4 Summary

Heat is transferred through the glass wall of the cylinder at a slight delay of ∼ 0.6s.

This is a short time in comparison to the longer 3–5min experimental runs in the CCR.

In addition, the temperature does not change much during a run, at most by a few

degrees over the course of five minutes. This slight change should be noted, but its

dynamics are not important to this thesis. Therefore, this ∼ 0.6s delay is acceptable.

In addition, the steady state temperature difference between the fluid and outside the

cylinder wall is negligibly small.
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H. Shear Banding

H.1 Overview

In this appendix, the calculation of shear band width within the Couette cell of the

Custom Couette Rheometer (CCR) will be discussed. First, the calculation is described,

then the results of performing the calculation for the runs of cornstarch suspension

discussed in Chapter 6 are presented and discussed.

H.2 Calculation

A suspension is sheared in a Couette cell of inner radius rmm and outer romm. The

outer cylinder is held stationary and the inner cylinder is rotated such that the (appar-

ent) shear rate in the fluid is γ̇. The suspension may be jammed in whole or in part

or not at all depending on the solute, its concentration, and the rate of shear. If the

fluid is jammed completely, it can no longer be sheared. If the fluid is shear thickened

enough, then the dilation effect causes particles in suspension to move apart. This

may not occur homogeneously throughout the gap, and the result is fluid is pulled

from a slowly-shearing part (band) into a high shear part.

Wyart-Cates theory [1] allows the prediction of the shear properties of a fluid by

determining the strain rate corresponding to an applied stress given the composition

of the fluid and some model parameters (empirically determined for the system). The

composition of the jammed region is a parameter of the Wyart-Cates model and is

therefore known. The composition of the high-rate (dilated) region can be determined

by mass balance:

mr = ρpφrestVt

ms = ρp (φhrVhr + φrVr)
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where mr and ms are the masses of particles at rest and when sheared respectively

in kg. ρp is the particle density in kgm−3. Vt, Vhr and Vr are the total, high-rate band

(dilated) and low-rate band (un-dilated) volumes of suspension within the Couette cell.

φhr and φr are the volume fractions of solids in the high- and low-rate bands, and φrest

is the volume fraction of solids at rest. This simplified slightly. The volume fraction

in the low-rate region must be volume fraction of jamming in Wyart-Cates theory,

φr = φj. The high rate volume fraction is renamed φhr → φB to indicate (dilated) band

volume fraction. Similarly, band radial position rhr is renamed rB. Starting with a

mass balance and knowing the solids are incompressible, the mass balance reduces

to a volume balance:

mr =ms

ρpφrestVt = ρp
�
φhrVhr + φjVr

�
φrestVt = φBVhr + φjVr (H.1)

Total Couette shear cell volume is volume of an annular cylinder, as are the low-rate

and high-rate band volumes. The low rate band is assumed to be next to the immobile

outer cylinder, while the high rate band is assumed to be next to the rotated inner

cylinder. Total volume and band volumes given approximately by (invoking a narrow

gap assumption:

Vt ≈ πH (rot − rn) (rot + rn) (H.2)

Vhr ≈ πH (rB − rn) (rot + rn) (H.3)

Vr ≈ πH (rot − rB) (rot + rn) (H.4)

where H is the height of the Couette cell and rB is the radial position of the band.

Substituting Equations (H.2) to (H.4) into Equation (H.1) yields:

φrestπH (rot − rn) (rot + rn) = φBπH (rB − rn) (rot + rn) + φjπH (rot − rB) (rot + rn)
φrest (rot − rn) = φB (rB − rn) + φj (rot − rB)

which can be rearranged to give the radial size of the high-rate band:

rB =
φrest (rot − rn) + φjrot − φBrn�

φB − φj� (H.5)

Equation H.5 gives the size of the shear band, knowing the volume fraction of

the high rate region, φB. φB is calculable, knowing the stress, by finding the volume

fraction where the rate of change of strain rate with respect to stress (dγ̇dσ ) is zero —

See Equation 2.9.
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H.2.1 Calculating band width for cornstarch suspensions

The methodology described above is applied to the cornstarch suspensions used in

this thesis. Runs of cornstarch are selected based on whether they are predicted

by Wyart-Cates theory to have unstable flow (i.e. are in the dst region of the phase

diagram— see Figure 7.1). For each run of cornstarch in the rheometer — a suspension

of particular volume fraction φ sheared at a particular stress σ – rB is calculated using

Equation H.5. φj is calculated using Equation 2.5. The results of this calculation for a

selection of runs of cornstarch suspension are presented and discussed in Section 6.4.
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I. Paper in Preparation

I.1 Overview

Included on the following pages is the paper in preparation detailing the design of the

custom rheometer, and its application to investigation of cornstarch suspension. Fol-

lowing on from the design, experiments on Newtonian mixtures of glycerol and water,

and on suspensions of cornstarch are detailed. These experiments are proposed to be

used in the custom rheometer as part of a laboratory demonstration or undergraduate

project piece. The custom rheometer incorporates many aspects of engineering and

science from electronics through fluid flow to computer programming, and therefore

would make an effective tool for building these skills, in an undergraduate cohort.
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Rheometry is an important technique in pharmaceutical, cement, and paint Industries for ap-
praisal of fluid characteristics. However, conventional lab rheometers can be prohibitively expensive,
limiting their use. In addition, desired time-varying measurements are not always available, being
locked by the vendor. In this work, a custom rheometer is designed, constructed, and validated
for investigation of high-viscosity Newtonian and non-Newtonian rheologies. The design offers sev-
eral advantages over commercially available devices; cost-effective (under $500), extensible/flexible
hardware, and unlimited access to measurements. The design makes heavy use of 3D printing
technologies to create the bulk of the instrument, giving it flexibility and keeping costs low. The
construction process is proposed as a project and subsequent lab demonstration piece. Example
experiments are performed with the device, showing its utility both as a research instrument and
educational/project piece.

I. INTRODUCTION

Suspension rheology presents with interesting phenom-
ena such as a rise in viscosity with increase in strain
rate, (shear thickening), time-dependent (thixotropy),
or visco-elasticity: the effect depends on the nature of
the suspended particle and solvent. Hard-sphere suspen-
sions exhibit shear thickening, and a more dramatic form,
shear jamming [1–4]. Shear jamming is a transition to a
solid-like state of a suspension under flow. This is per-
haps most well-known through the ability to run on a
pool of cornstarch suspended in water. Perhaps due to
the complex dynamic rheology, such suspensions are of
importance to many industries including cement [5, 6],
paints [7] and cosmetics [8] production, advanced mate-
rial development [9], and battery technologies [10].

The main instrument of rheological investigation is the
rheometer, an instrument which produces a flow in a test
fluid and measures stress and strain rate. A commercial
rheometer can be quite costly: starting prices are on the
order of tens of thousands of dollars [11–13]. This large
cost can be prohibitive to a small business, researcher, or
educator. In addition, the commercial device is unlikely
to succeed in every situation; instead favouring a particu-
lar operating mode and requiring significant modification
(whether by trained technicians, or by purchasing of ex-
tension modules from the manufacturer). A commercial
device, may have special requirements further increas-
ing its cost, such as a compressed air supply, or a water
supply. The commercial device is, by nature, a sensitive
piece of equipment liable to any number of operational
failures. This requires the maintenance often only sup-
plied by the manufacturer. Finally, the software required
to run the device is not free or open, so that the opera-
tor may not be able to get the information desired from
the device due to imposed limitations. If the researcher
desires to investigate the effect of control action on rhe-
ology, they are limited by the software. The device may

∗ christopher.boyle.101@strath.ac.uk

be limited to reporting only time-averaged data limiting
the study of dynamic response. This inhibits the utility
of the commercial device; whether in a research lab or an
educational environment.

Typically, custom rheometers are built in order to facil-
itate non-conventional investigation [14–16] as commer-
cial rheometers are not able to report the desired infor-
mation, are too big to enter into (or too small to admit)
the scope of another instrument, do not report the de-
sired information, or are not sufficiently adaptable to do
what the investigator desires. The DIY instrument can
be made to accommodate any specification allowing the
researcher great freedom.

However there is a trade off: custom devices lack
the accuracy and ease of use of a commercial device.
Traditionally, custom devices have had a lengthy de-
sign/production phase due to the time cost of organising
parts to be built, or time to acquire the relevant mate-
rials. Enter: rapid prototyping. 3D printing has come
a long way in the last 20 years to the point that con-
sumer 3D printing units are widely available with con-
sumer desktop units costing $400–$4000 [17–19]. This
opens up not only the “maker” community (the hobby-
ists and enthusiasts that enjoy creating) but also opens
up new avenues for instrumentation design for the labo-
ratory.

In research, this drastically shortens the development
time and, with only a little training, allows the researcher
to build their own bespoke equipment. This can range
from simple mechanical supports to create consistent po-
sitioning of apparatus, to fully fledged instrumentation.

3D printing not only shortens the development cycle, it
allows flexibility impossible with other production meth-
ods. The speed of production means new parts can be
re-printed in a matter of hours. If something breaks, it
is repaired that same day. If a design of part is required,
it is fitted by the afternoon. A redesign that might have
been avoided due to lengthy construction times is now
possible.

In this paper we will present a design for a 3D printed
rheometer, discussing its abilities and limitations. We

APPENDIX I. PAPER IN PREPARATION 172



will then present experiments showcasing the use of the
custom rheometer: calibration of the device using model
fluids, then rheological testing of Newtonian fluids, fol-
lowed by a more niche investigation into the dynamic
response of non-Newtonian fluids.

II. DESIGN

The core of all rheometers are the same: a mechanism
for controlling and driving flow, and sensors for record-
ing the forces/torques, and the strain rates. This is sum-
marised through Newton’s viscosity law [20]:

µ =
σ

γ̇
. (1)

The viscosity µ (Pa s) given by the ratio of stress σ (Pa)
to strain rate γ̇ (s−1). To allow calculation of rheologi-
cal properties, flow is created through a well-known ge-
ometry. We have chosen to use a Couette cell geometry
(Fig. 2a) (also known as a concentric cylinder geometry).
An inner cylinder sits within an outer cylinder with fluid
in-between. One of the cylinders is rotated, causing a
shear flow in the fluid. In this work, the inner cylinder is
rotated.

In addition to the Couette cell [21], the rheometer de-
signed here (Fig. 1) consists of the following components;
a strain rate sensor, a stress sensor, flow driving compo-
nent, a temperature sensor, and a controller. We use a
Raspberry Pi (RPi) single board computer [22] to control
the apparatus and handle data acquisition.

Both the optical encoder disk, and the stress measure-
ment apparatus were modelled in FreeCAD and Open-
SCAD softwares and 3D printed in PLA filament on a
Prusa i3 Mk3 3D printer. A list of purchased and printed
components are given in Appendix A. A full set of prints
took approximately 28 hours, details of the print proce-
dure are given in Appendix B. 3D printer aside, no spe-
cialty equipment was used. The electronic components
are those available to the public from online retailers.
Circuit diagrams are given in Appendix C. Electronics

Shear cell

Rate meter

Stress sensor

Gearbox

Motor

FIG. 1: Photograph of the custom rheometer with
labelled components.

are interfaced though the Raspberry Pi with software
written for the purpose described in Appendix D.

The components assembled together are held on a
clamp stand by 3D printed supports. The outer cylin-
der is held via an X-Y table, to allow fine control of the
cylinder position, ensuring the cylinders are concentric
before a run is commenced.

A. Strain Rate Measurement

Rotation rate measurement is achieved in this work by
use of an optical encoder: a slotted disk paired up with
light gates so that rotational position is encoded as peaks
and troughs in a square-wave signal (Fig. 2b). The rota-
tion rate ω is inversely proportional to the square-wave
period topt: ω = θslot/topt, where θslot is the angular
size of the slot in rad, topt is in seconds, and ω in rad s−1.
Two light gates are employed, giving two measures of rate
that can be averaged across to reduce error. The gates
consists of a light source and sensor: an IR LED and IR-
sensitive phototransistor respectively. When the slotted
disk blocks light from shining on the transistor, its out-
put voltage changes which is measured by the controlling
Raspberry Pi computer.

In a Couette cell strain rate is then calculated from the
rate of rotation:

γ̇(r) = −2ωr

r2
· rin

2rout
2

rout2 − rin2
(2)

where r′ = rin/lgap is the normalised inner radius, lgap =
rout − rin is the gap width, and rin and rout are the
radii of the inner and outer cylinder respectively and have
values given in Table. I. If the gap is small enough, the
strain rate can be taken to be γ̇ ≈ rinω

lgap
(narrow gap

approximation).
This method achieves accurate rate measurement

(standard error of the mean less than 1%). However,
due to the nature of the encoder, the time resolution of
measurement varies directly with rate of rotation (fewer
rotations in a given time gives fewer full waves and so
fewer periods with which to calculate rate): time granu-
larity is given by ∆topt = θslot/ω.

B. Stress Measurement

The stress developed by driving a fluid to flow exerts a
load torque on the inner cylinder. Measuring this torque
can be achieved by splitting the cylinder drive shaft into
driving and driven parts, with a torque sensor in between.

The torque sensor used in this work (Fig. 2c) is de-
signed as follows; the driven shaft is coarsely threaded
with a very wide pitch, and has a compatibly-threaded
annular runner so that if the runner is not allowed to ro-
tate, rotation of the driven shaft causes axial movement
in the runner. The driving shaft has steel rods protruding
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FIG. 2: Schematic diagrams of (a) Couette shear cell,
(b) optical encoder, and (c) stress sensor. Red arrows

indicate directions of movement.

TABLE I: Summary of geometry

Parameter Symbol Value
Fill depth Hfill Variable; 50–75mm± 2%

Inner cylinder radius rin 15.05mm± 0.17%
Outer cylinder radius rout 19.75mm± 0.13%

Gap width lgap 4.7mm± 0.11%

into the runner, through lubricated holes: vertical/axial
movement of the runner relative to the motor is allowed,
but rotational (relative to the driving shaft) is not. This
results in a connection that converts a difference in ro-
tation between driven and driving shafts into an axial
position of the runner, or difference in torque between
the driver and driven shafts to a linear force on the run-
ner.

The runner is connected to a loadcell via a bearing,
so that rotational force of the driven shaft relative to
the driving shaft (i.e. a load torque) presents as a force
measurement on the loadcell. Loadcell value is read by
analogue-to-digital converter (ADC). Total torque Mtotal

can be calculated from loadcell value using the relation:

Mtotal = kLC→M (LC − LCz) , (3)

where LC is the 24-bit reading from the loadcell ADC,
and LCz is the ADC value at zero load, and kLC→M is
the term converting a loadcell value to a torque. The
latter two are fitting parameters. This total torque is
split between the load due to the fluid and loading due
to bearing friction:

Mtotal = Mload +Mfriction. (4)

Friction torque is related to the rate of rotation,

Mfriction = kω→Mω, (5)

giving the third and final fitting parameter of the cali-
bration. The stress can be calculated from torque on the
inner cylinder:

σ =
M

2πr2inHfill
. (6)

The loadcell is the main deciding factor in the range
of stresses that can be measured. A loadcell rated for
1kg will be able to measure up to ∼ 9.8N, however small
forces may become lost in noise (less than one-third of a
percent of the range seems to be the limit for this hard-
ware, according to our tests). It is important therefore
to suit the loadcell to the intended measurement.

Force on the loadcell can be estimated from the stress,
assuming negligible friction, using Flc ≈ σHfill ri, in-
forming the choice of loadcell.

A loadcell of differing rating may not have the same
form factor or size as another. 3D printing enables quick
creation of a suitable “jig” or fitting for the new loadcell.

Time resolution of the loadcell is limited by the ADC.
For a high-resolution ADC there is a significant time
devoted to converting the analogue signal into digital.
For the HX711 used here, the conversion time is ∆tlc =
0.0125 s.

C. Driving Shear

A DC motor (Fig. 2c) drives the rotation of the inner
cylinder. This motor is connected to the driving shaft by
a gearbox, which reduces the rate of rotation by its gear
ratio. DC motors tend to rotated quickly or stall, so the
gearbox allows access to a lower range of rotation rates.
This gearbox/motor combination can be swapped out to
achieve different range of rates if so desired.

The motor’s rotation is controlled by means of Pulse
Width Modulation (PWM): the motor is powered by a
square wave signal, where the ratio of peaks to troughs
(the duty cycle, DC) changes the rotation rate. PWM
is a feature built in to the Raspberry Pi where it is set
as a 10-bit number, allowing changes of the total motor
supply voltage, which feeds on to set the motor rotation
rate.
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D. Controller

Control of the equipment is managed via discrete elec-
tronic circuits and a Raspberry Pi. The controller’s
purpose is to ensure the desired flow is achieved in the
rheometer (i. e. at the desired rate or with the desired
stress). It is also responsible for data acquisition from
attached sensors and outputting it in a logical manner.

Control is possible of both stress and strain rate us-
ing the Proportional-Integral-Derivative (PID) [23] algo-
rithm.

An alternative “control” method is to control neither
stress nor strain rate, but instead, instead only to control
the motor PWM DC (corresponding roughly to rotation
rate). This eliminates dynamics effects of the controller
itself and is useful when investigating dynamic rheology
and is the control method employed here. The rotation
rate of a given DC set point will vary depending on the
viscosity of the material, and the gearbox in use.

E. Limitations

There are limits on the measurement abilities of the
custom rheometer. Uncertainties in the measurements
were estimated (summarised in Table II). Uncertainties
were estimated for the different parts of the custom
rheometer. Geometry was measured using a set of digi-
tal calipers — uncertainty estimated as half the smallest
increment of 1

2 ×0.01mm. Strain rate measurement has
uncertainty estimated by taking the percentage relative
standard deviation (PRSD) over many runs, resulting in
a percentage uncertainty of 4.03%. Stress measurement
is similarly estimated from PRSD measurements giving
an uncertainty of 25.67%.

The stress measurement uncertainty is fairly signifi-
cant, at 25.67%. This is likely due to the coupling be-
tween loadcell and Couette cylinder. The design has a
fair few moving parts and while care has been taken
to reduce friction between this parts as much as possi-
ble, perhaps more could be done to improve this. At
present no grease or other lubrication is employed in
the stress coupling — addition of friction-reducing grease
could give smoother operation that without. In addition,
alternative materials could be investigated for the run-
ner, threaded shaft, and bearing components (see Fig-
ure 7) as these components see the most friction and
could benefit from harder materials than PLA (which
is relatively soft [24]) such as Acetylonitrile-butadiene-
styrene (ABS) [25].

TABLE II: Summary of Measurement Uncertainties

Property Symbol Uncertainty
Fill depth Hfill less than ±2%

Inner cylinder radius rin ±0.17%
Outer cylinder radius rout ±0.13%

Gap width lgap ±0.11%
Strain rate γ̇ ±4.03%

Stress σ ±25.67%

III. EXPERIMENTS

A. Calibration

The loadcell needs to be calibrated by shearing
glycerol-water solutions of known mass composition
ϕw = msolute/msolvent in the rheometer; the fitting pa-
rameters LCZ , kLC→M , and kω→M can be obtained by
least-squares fit of Eqs 3–6 to the measured loadcell and
strain rate values, and viscosity found from composition
and temperature for aqueous glycerol solutions using an
expression fit to tabulated data [26].

1. Method

Aqueous solutions of glycerol (99.9%, Sigma-Aldrich)
were prepared by weighing out the relevant amounts of
glycerol and water and mixing together in a large jar.
The lid was then sealed, and the solution shaken and
allowed to rest for at least an hour before use to allow
bubbles to rise out of the solution.

The rheometer is loaded by filling the cylinder with
approximately 50ml of test fluid and the fill depth Hfill

measured and recorded using a ruler or pair of calipers.
The cylinders are centred by adjustment of the X-Y table
while the inner cylinder is running. If the inner cylinder
is off centre, then the fluid can be seen to rise up the side
of the outer cylinder. This effect is used to perform the
centering; the outer cylinder’s position is varied until the
rising effect is minimised.

Runs of 3 minutes at a set motor supply voltage are
performed, corresponding approximately to constant ro-
tation rate. Voltage is increased and decreased in an
up-down-up sweep to highlight any possible hysteresis in
measurement (although hysteresis was found not to oc-
cur). This set of runs is repeated for another sample of
the same fluid. Then, the whole process is repeated for
another test fluid.

Pure glycerol, and both 85wt% and 95wt% aqueous
solutions of glycerol are used.
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FIG. 3: Viscosity plotted against strain rate for
Newtonian fluids glycerol and glycerol-water 95wt%.

The dashed lines show the maximum, mean, and
minimum expected viscosity (as this varies with

temperature). There is only a single dashed line for
glycerol-water 85wt% as there is no significant heating

effect and all three lines collapse together.

2. Results and discussion

The rheometer measures loadcell, strain rate, and tem-
perature, while the expected viscosity is known from the
temperature and tabulated data. The stress is obtained
using Eq. 1 and torque from Eq. 6. The calibration pa-
rameters for Eq. 3 and Eq. 5 are found by least-squares
fitting the load torque to the loadcell value.

The fitting procedure is performed using a Python
script, using the lmfit module [27]. lmfit provides a
consistent interface to a number of fitting algorithms pro-
vided by other modules, most from the well-known scipy
library [28], simplifying the fitting process.

Figure 3 shows shear experiment data obtained for the
calibration materials (filled circles — each represents the
average of a single 3 minute run), and compares this
to the expectation from tabulated data (dashed lines).
There is appreciable scatter in the measurements at low
strain rate, which reduces at high rate. This rate de-
pendence is in part due to the configured range of the
stress sensor, and (for the glycerol) in part due to an off-
centring of the inner cylinder exacerbated by the longer
timescale for the glycerol to flow back. As the rotation
timescale reduces (rate increases), this effect reduces.
This scatter is used to estimate measurement error.

Standard error of the mean (SEM) for the Newtonian
timeseries is used to quantify the measurement error.
The timeseries are split into segments. Standard devi-
ation in the means of those segments gives the SEM —
an indication in how “stable” the signal is in time. En-
coder (strain rate) measurement was calculated to have
a worst-case SEM of 0.04% at γ̇ < 25 s−1. At best,
an SEM of 0.01% at γ̇ > 175 s−1. Both errors are ac-
ceptably low. It is therefore concluded that the limits
of measurement for the encoder are outside the working
range achieved here. Slower and faster rates would need

to be investigated to find the lower and upper bounds.
To check goodness of fit to viscosity expressions of

Cheng [26], standard error is calculated for the pa-
rameters by lmfit (by inverting the matrix of second-
derivatives for the fit function), resulting in errors of 5%
or less, average error ϵfit = 2.81%. The expression of
Cheng used to obtain the viscosities of glycerol-water
solutions has a reported [26] average error of ϵcheng =
1.43% which must be included in the stress conversion
error: ϵstress = ϵfit + ϵcheng = 4.24%.

The stress sensor was found to perform worst (SEM
> 2%) for stresses below 20Pa, with error falling to
∼ 0.2% as stress increases above 100Pa. As stress in-
creases the error falls. The upper measurement limit is
then outwith the practically achievable stress range. For
the strain rates and materials used in this work, stresses
below 20Pa cannot be achieved with this hardware and
so the error in stress measurement is acceptable. To
measure accurately smaller stresses, a loadcell rated for
smaller forces can be used, along with a high reduction
ratio gearbox to shear the fluids at a lower rate.

Together, these measurements are used to calculate
fluid viscosity. Due to the much smaller error in strain
rate measurement the viscosity result has an error re-
sembling that of the stress measurement; higher error of
> 2% below 0.15Pa s, stepping down to 0.25% above
0.2Pa s.

B. Newtonian Fluid Rheology

Newtonian fluids are those that abide by Newton’s vis-
cosity law Eqn. 1: when sheared, the stress they develop
is in direct proportion to the rate of shearing. The con-
stant of proportionality is the viscosity. The rheology of
a Newtonian suspension can be used as a test for the cus-
tom rheometer: measured stress and strain rate plotted
against one another — a flowcurve plot — is expected to
yeild a straight line for Newtonian fluids, with viscosity
given by the gradient.

The custom device is used to investigate these New-
tonian fluids. Shear experiments are performed, and
flowcurves constructed and compared to tabulated data.

1. Method

Newtonian solutions of glycerol and water 85wt%,
95wt% are made up using the same method as the cal-
ibration experiment, and are run in the same manner.
Solutions are made up on a mass basis according to their
desired composition, the fluids are run sequentially in the
rheometer for periods of constant voltage for 3 minutes
at a time. Each material is repeated at least once to
confirm measurements.
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FIG. 4: Newtonian Flow-curve: plot of stress against
strain rate for Newtonian glycerol-water mixtures. Each
point is the average of a 3 minute run, error bars show
measurement uncertainty. Dashed lines show gradient
(viscosity) expected by the empirical formulae of [26].

2. Results and Discussion

Stress evolved during each run of the materials is cal-
culated using the fit parameters found in calibration and
Eqs. 3–6 to first calculate total torque, then friction
torque and from that the load torque. Stress can then be
calculated from the load torque, the geometry, and the
fill height noted at the start of the experiment.

Figure 4a shows the flow curve recorded for the Newto-
nian fluids. The measurements fall on the same straight
line for the same material, bar the 85wt%, which split
into two lines, emphasised by the dashed lines. This is
perhaps due to differences in pre-loading on the loadcell,
or insufficient lubrication in the threaded shaft (which
dries up over time). Despite this, the average readings
(Fig. 4b) of viscosity match closely the expected value.

This experiment showcases the ability of the custom
rheometer to perform simple rheological testing. This
set up could therefore be used to test the viscosity of
various materials, or mixtures of materials. For example,
household materials like honey, dish-soap, or ketchup
could be tested to discover their viscosities or whether
they are Newtonian or not. Other experiments include
testing a blood-analogue for sickle cell syndrome [29], or
using the rheometer as part of a material development
project [30].

C. Shear Thickening Rheology

The custom rheometer is designed not only for New-
tonian testing, but to be used to investigate more com-
plex non-Newtonian rheologies such as dense suspensions
which exhibit shear jamming. The prevailing Wyart-
Cates (WC) model attributes shear jamming to a tran-
sition from lubricated to frictional flow [2, 3]: result-
ing in an S-shaped flowcurve (Fig. 6a). At high stress,
there is an unstable region resulting in a jump in stress
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FIG. 5: WC phase diagram [16] showing whether a
suspension of cornstarch in an 85wt% glycerol-water

solvent will be jammed, shear jammed, discontinuously
thickened, or not. Grey circles show the predicted phase

for the shear experiments in this work. The phase
diagram is constructed by fitting measurements of

sheared cornstarch suspensions (in the CCR) to the
Wyart-Cates model.

termed discontinuous shear thickening (dst). Where this
jump results in a jam, the effect is called Shear Jamming.
There is some evidence however that jamming is not al-
ways the case [14]: instead there is a separation into a
thinned (flowing) region and a jammed region within the
suspension: showing that more investigation is required,
especially into local behaviours of the suspension.

The WC phase diagram (Fig. 5 [31]) predicts the be-
haviour for a suspension given the volume fraction ϕ and
the stress with which the suspension is sheared. There
are two key volume fractions for the model demarcating
the regions above which shear jamming occurs (ϕm) and
above which the suspension is fully jammed (ϕo) even
without the application of shear. Additionally, there is a
limit above which dst is observed, ϕdst.

At high stress, near the jamming point, dense suspen-
sions have been seen to exhibit fluctuating or unstable
flow [32, 33]. There is evidence pointing towards particle-
migration between bands of specified shear stress which
results in these bands growing and shrinking as the aver-
age stress changes. A phenomenological model has been
proposed which uses competing rates of structure growth
and decay within the suspension [4]. Further investiga-
tion of the fluctuation or instability is needed to unveil
its origin, perhaps along with it key information about
the nature of shear jamming.

The custom rheometer is used to investigate the rhe-
ology of dense suspensions. To gauge its effectiveness at
this task, the result of rheological testing of cornstarch
suspensions in the rheometer is compared to those ob-
tained from a commercially available rheometer (TA Dis-
covery HR 3).
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1. Method

Suspensions of cornstarch in 85wt% glycerol-water sol-
vent were prepared on a mass basis of concentrations
30wt%, 35wt%, 40wt%, 42wt%, and 44wt%.

The solvent is made up in advance using the method
discussed previously. To make the suspension, cornstarch
was weighed into a large beaker, then the solvent was
weighed into the same beaker careful to avoid over fill-
ing. With the desired amounts of solvent and solute, the
suspension was slowly mixed to get the solids up off the
base of the beaker then mixed vigorously to break any
clumps that may have formed. The result was a homoge-
neous suspension, milky in appearance with a viscosity
ranging from thin syrup to honey, depending on the con-
centration of cornstarch.

The suspensions were allowed to rest to account for
the swelling/wicking effect described by Han et. al. [34]
which causes the solids volume fraction of the resulting
suspension to increase over time as solvent enters into
pores on the particles. For the average relative humidity
in our laboratory of 44%, the solids volume fraction of
cornstarch turns out to be similar to the weight fraction:
ϕ ≈ ϕw±1% calculated using the estimation and particle
porosity of Han et. al. [34].

The suspensions were then run as described previously
in the custom rheometer: 3 minute constant motor sup-
ply voltage runs, with voltage changing between runs in
an up-down-up pattern. Stress, strain rate, and temper-
ature timeseries are recorded (although temperature is
not reported here).

2. Results and Discussion

Figure 6 shows the two flow curves for the custom and
commercial rheometers. There is a stark difference in the
accessible ranges of measurement. The stresses developed
in the commercial rheometer are magnitudes lower than
the lowest reachable by the custom apparatus. There is
overlap in the strain rate, but only for the lowest den-
sity suspension. Following the dashed guide lines, it can
be seen that the custom rheometer measurements do not
match the commercial device for the high concentration
(43wt%), but match fairly well for the lower concentra-
tion shown (30wt%). However, there is a lot of noise in
the measurement, even in the commercial machine. This
is the nature of investigation into jamming fluids due to
the dynamic response under high stress [32, 33, 35, 36]. In
addition, there are many factors which contribute to the
viscosity of a cornstarch suspension: solvent viscosity,
temperature, storage temperature and humidity, suspen-
sion age. These differences could account for the offset
in measurement.

The ranges of measurement are limited by the gearing
on the motor, which decides the range of available strain
rates. Slow strain rate will develop a low stress in the
fluid, however this low stress could be lost in the mea-

surement noise if the loadcell is better suited to larger
stresses.

The two timeseries Fig. 6b–c show low-frequency oscil-
lations in the rheology, not present on Fig. 6e. Stress in
particular oscillates, for high viscosity fluids, with a fre-
quency substantially lower than the frequency of rotation
(oscillation frequency ∼ 0.1Hz cf. rotation frequency
∼ 10Hz). This oscillation is present for dense suspen-
sions > 35wt%, absent in suspensions of lower density.
Looking at the crossover from slow oscillation to nothing
apparent, from 40wt% to 30wt% it would place some
critical weight fraction for onset of dst between those
two volume fractions. This fits with the WC model value
obtained for this system of ϕdst ≈ 0.41. This suggests
that fluctuation is brought into the system as suspension
density increases above ϕdst somewhat consistent with
the results of [32], however they predict chaotic fluctua-
tion in place of the steady oscillation seen here.

The investigation of the fluctuations is hampered by
the strain rates achievable by the device, and the stresses
measurable by the loadcell. This is ameliorated by the
flexible nature of the device; the motor gearbox and load-
cell can both be swapped out to change the limits of op-
eration. The stresses readily achieved are a factor of 100
higher than minimum estimated onset stress (thus would
miss the dst region on Fig. 5), and so a larger reduc-
tion gearbox of 264:1 from 27:1 along with a loadcell of
lower rating of 100 g from 1 kg will allow the device to
investigate the fluctuating dst regime on Fig. 5.
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FIG. 6: (a) Plot of stress against strain rate for
cornstarch suspensions in glycerol-water (85wt%) of

varying composition. Lines are results from a
commercially available shear rheometer (TA Discovery
HR-2). Circles are results from the equipment designed
in this work. Dashed lines are Newtonian guide lines, to

emphasise non-Newtonian behaviour. Only two
concentrations of suspension (35wt% in orange and

43wt% in blue) are shown to maintain clarity. (b)–(e)
plots of stress against time for select runs of suspension

at max strain rate, showing the time-varying signal
fluctuation recorded by the custom rheometer.

IV. CONCLUSIONS

In this paper we have presented a 3D printed rheome-
ter, constructable for under $500 and designed for the
investigation of dense suspension rheology. We have val-
idated the custom rheometer for use in measurement of
viscosity for viscous Newtonian fluids and for dynamic
measurement of suspension rheology. Newtonian rheol-
ogy measured by the custom rheometer matches closely
that expected from previous works. Non-Newtonian rhe-
ology is not as close, but with more factors at play there
is a larger margin of error. There is also qualitative agree-
ment with the dynamic results obtained as compared to
those previously reported.

We have presented showcase experiments that the cus-
tom rheometer can be used for, as a researcher or as an
educator looking for student projects for Physics or En-
gineering.

The design of the rheometer is relatively simple and
requires only a few components readily available to the
public in addition to the printed structure, making basic
rheometry accessible to more people. Moreover, the cus-
tom rheometer has advantages over a commercially avail-
able instrument as it has unparalleled flexibility of use
and design due to the 3D printed nature of the bulk of the
design. The custom rheometer is open about its meth-
ods and technology, so the instrument is not a “black
box” performing the analysis in the dark. However, this
comes at a cost of loss of accuracy and ease-of-use.

The open nature of the device makes it rather easy to
modify and able to implement niche investigative tech-
niques such as inserting probes [37], basing the rheometer
cell within an MRI [14], investigating granular flow [15],
or performing dynamic light scattering experiments dur-
ing shear [38].

The potential of 3D printing as a means of quickly,
cheaply, developing laboratory instrumentation is great.
Once a design has been created, it takes little time
to gather the components and construct another from
scratch. This empowers the researcher to perform modi-
fications and necessary repairs themselves, not beholden
to a manufacturer.

Appendix A: Components

Table III gives details of the non-printed components
used in the construction of the rheometer. Suppliers are
listed for the components along with part numbers where
available. If a part was not purchased but already owned
for this work, a similar part number/supplier is listed.

Table IV gives details of the printed components, the
settings used (if different from default), and the approxi-
mate time required to print the part. The default settings
are 0.3mm layers, 3 perimeters, 20% infill, and no sup-
port structures. 3D models for the printed parts
will be available, along with the datasets used in
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Threaded runner (outer)
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Optical encoder (inner)
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Backbone
Loadcell supportDriver shaft

(b)

FIG. 7: Render of 3D printed parts (a) and labelled
exploded-view diagram (b)

this work, via doi link. 3D rendered versions of the
printed parts are shown on Fig. 7.
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TABLE III: Summary of non-printed components

Name No. Costa Part No./Supplier
DC Motor, gearbox 1 $70.75 RS Pro 942D271, RS Components
IR LED 2 b$5.50 Vishay TSHF5210, RS Components
Phototransistor 2 b$4.90 Osram Opto SFH 309, RS Components
NPN Switching Transistor 2 e$6.60 Taiwan Semiconductor TSC961CT, RS Components
NPN Power Transistor 2 $10.26 Texas Instruments LM395T, RS Components
100µF Capacitors 5 b$5.58 711-1731, RS Components
Loadcell (1 kg), HX711 ADC 1 $8.23 HALJIA via Amazon
Operational Amplifier 1 b$15.48 Texas Instruments LM358AN, RS Components
10× 1mm steel RC axels 10 $7.48 Sourcingmap via Amazon
Clip-on ferrite core 10 $8.84 YARADECRO via Amazon
2mm Steel ball bearings 100f $6.79 Sourcingmap via Amazon
5mm Steel ball bearings 100f $10.88 QLING via Amazon
Burette stand (1m) 1 $30.62 e.g. MissZM via Amazon
Clamp stand 1 $10.88 e.g. quieting via Amazon
G-clamp 1 $6.24 e.g. Blue Spot 10031 via Amazon
Jubilee clips (∼ 10mm
diameter) 2 $9.40 Jubilee via Amazon
M8× 70mm bolt 1 d$16.26 917-2886, RS Components
M2× 8mm bolt 2 c$7.15 e.g. Singularity Supplies via Amazon
X-Y table (microscope stage) 1 $236.50 e.g. Jectse via Amazon
Alt. X-Y table (drill press) 1 $44.92 e.g. KATSU Tools via Amazon

Total cost: $478.29 ($286.71 with alternative table)
a Costs converted from GBP to USD.
b Pack of 10.
c Pack of 20.
d Pack of 25.
e Pack of 50.
f Approximate count.

TABLE IV: Summary of printed components.

Name Print Settings Printing Time
Threaded (driven) shaft 0.2mm layers; 8 perimeters; 10% infill; with supports 3h
Threaded runner (inner) 0.2mm layers; 10% infill. 1h
Threaded runner (outer) 0.2mm layers; 10% infill. 45m
Driver shaft — 85m
Loadcell-bearing linkage 0.2mm layers; 10% infill; with supports. 1h
Loadcell cap — 10m
Optical encoder (inner) 0.2mm layers; 10% infill; with supports. 2h 15m
Optical encoder (outer) 0.2mm layers; 10% infill. 2h
Light gate mount 0.2mm layers; 10% infill; with supports. 1h 15m
Inner cylinder guide — 30m
Backbone With supports. 6h
PCB and RPi mount — 2h
Outer cylinder base — 4h
X-Y table mount — 2h 45m
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Appendix B: Printing Procedure

3D printing a part can be broken into three stages: de-
sign, slicing, and printing [39]. Design is the creation of
the model for 3D printing. This is done using CAD tools
such as Autodesk Inventor, FreeCAD, or OpenSCAD.
Once the model is created, it needs to be converted into
a format understandable by the printer in a process called
“slicing”. Once the model is sliced into layers, the part
can be printed.

The design step very much depends on the software
used and will not be discussed here. In general, the design
must take into account the practicalities of the model:
tiny details and thin walls may not translate well into
the final product.

The slicing step is where the print settings are put into
action. This step decides the level of detail with which
the model will be printed, the physical strength of the
part, and how long it may take. These options will vary
with material and printer.

Slicing is done using a piece of software called a
“Slicer”, for example Ultimaker Cura, or Prusa Slic3r.
This software converts the 3D model into layers, which
can be exported into a GCODE file containings printer-
understandable instructions on how to print the model.

Polylactic acid (PLA) is used in this work as it is very
easy to work with, is widely available, and is cost effec-
tive. PLA printer filaments are best used with a print-
head temperature around 200◦C, a rough estimate of the
temperature will be given on the packaging. Testing,
and trial-and-error will help find the best temperature
for each machine/filament combination.

Layer height sets the level of detail of the print at the
cost of time consumed. Layer height is normally on the
order of a tenth of a millimeter, around the nozzle diam-
eter. 0.1mm or less is fine detail, while 0.3mm or greater
is rough, better suited to situations where a good finish is
not essential. For this rheometer, for the most part there
is no need for a fine finish and so a large layer height can
be used to expedite printing.

Once the desired settings are set, the model can be
sliced and the GCODE can be generated, ready for print-
ing.

Appendix C: Circuit diagrams

Presented on Fig. 8 is the schematic of electronic cir-
cuits used in this work. For clarity power lines 3.3V, 5V
and ground from the Raspberry Pi to the sub-circuits
have been omitted. 15V DC is supplied by a bench-
top power supply, the ground of which is connected to
the Raspberry Pi ground. Ferrite cores are attached to
both the Raspberry Pi microusb power supply, and to the
benchtop power supply to reduce possible interference.
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FIG. 8: Circuit Diagram

TABLE V: Summary of electronic components labels
and descriptions.

Component Description
Raspberry Pi Single Board Computer; controller
HX711 AIO HX711 ADC all-in-one board; loadcell

interface
DS18B20 1-Wire interfacing temperature probe

Thermo K Click Thermocouple interface board
GL01, GL02 IR LEDs; light gate sources
GT01, GT02 IR Phototransistors; light gate sensors
GS01, GS02 NPN transistors; light gate switching

transistors
PT01, PT02 NPN power transistors; current amplifiers

for motor supply
LM358 Operational amplifier; voltage amplifier for

motor supply

Appendix D: Software

Software was written for controlling the custom
rheometer, with a dual-focus on computational efficiency
(making use of the limited power of the Raspberry Pi),
and flexibility. The software manages a single shear
experiment; controlling motor PWM, and monitoring
stress, strain rate, and temperature.
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The software has a mode to facilitate the running of a
sample multiple times (e.g. for performing a strain rate
sweep). This system is flexible to allow the user to design
any pattern of runs they may wish.

Control of run parameters is defined in simple text
files dubbed “control schemes”. These files specify the
controlled variable, what control method to use, and
what value the variable should have over the course of
a run. The controller and controlled variable setpoint
(“setter”) functions are defined in plug-in modules. In-
cluded modules support some common control methods
(PID control, constant or sinusoidal setpoint). New mod-
ules can be easily written by the user in a few lines of
c code. Guides on installing, using, and extending the
software are included with the source code. This mod-
ular approach opens up the platform for investigation

of anything from control techniques for the inhibition of
thickening behaviour or performing oscillatory or reversal
tests.

The software is freely available under the per-
missive MIT license [40], obtainable from github:
github.com/cbosoft/rheometer.
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